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Anion exchange is an increasingly utilized method for water treatment. Growing 

water demands and decreasing water quality require the increased removal of natural 

organic matter (NOM) from water. NOM is an important constituent in the disinfection 

stage of potable water treatment due to formation of disinfection byproducts (DBPs), 

with DBPs being of human health concern. Anion exchange is appealing because it is 

possible to regenerate and reuse the resins. The drawback of anion exchange is that it 

generates high salinity waste with high concentrations of organic matter, which is 

difficult to treat or dispose of. Utilizing resin in the bicarbonate-form would bypass the 

production of a high NaCl concentration waste, which would be easier to dispose of. To 

fully understand the potential of anion exchange process for NOM removal, bicarbonate 

regeneration and how it impacts resin fouling was investigated. 

In this work magnetic ion exchange (MIEX) resin was used for anion exchange 

experiments. Series of jar test experiments, run in single-loading or multiple-loading 

configurations were systematically utilized to investigate the impact that resin mobile-ion 

had on resin affinity, organic matter removal, and fouling. It was confirmed that 

bicarbonate had a similar affinity for the resin as chloride. Multiple regeneration cycles 
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of the resin found that the strength of the regeneration solution governed the ion 

exchange process, rather than the identity of the mobile-ion and that certain organic 

fractions, particularly within the 1000-1500 Da AMW fraction were remaining on the 

resin causing the resin to lose ion exchange capacity. Divalent cations were added to 

model waters to determine how solubility of carbonate minerals impacted fouling and it 

was found that while magnesium minerals are most soluble they tended to foul resin the 

most, due to direct interference with the resin rather than precipitation on resin. 

Wastewater treatment applications were investigated to investigate biofouling potential 

and a method to quantify biofouling by particle counting was investigated, and 

preliminary results showed mobile-ions had minimal impact on biofouling of resins.  

This dissertation provides an understanding on how the regeneration process 

can impact the performance and fouling of resin when used for NOM removal. 
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CHAPTER 1 
INTRODUCTION 

 
1.1 Natural Organic Matter 

Removal of natural organic matter (NOM) is an important aspect of water 

treatment, as high quality ground water supplies are becoming scarcer and more 

surface waters are being used for potable water supplies.  It has been shown that 

interaction of chlorine in the disinfection stage of water treatment with NOM leads to the 

formation of DBPs, many of which are of human health concern. NOM is a complex 

mixture of organic compounds including, humic and fulvic acids that contain a variety of 

functional groups, including carboxylic acid functional groups which can cause NOM to 

behave as an anion in solution (Collins et al. 1986). The functional groups and structure 

associated with NOM can vary depending on the source water, and as such can impact 

how the NOM reacts with divalent cations or ion exchange resins. 

Organic matter has been shown in previous studies to react with metal cations in 

aqueous solutions (Dudal and Gerard, 2004; Sharma et al., 2010). NOM is also known 

for its ability to interact and complex with trace elements, such as As, Pb or U that may 

impact the toxicity of the organic matter (Iskrenova-Tchoukova et al., 2010; Sharma et 

al., 2010). The formation of metal ligands and complexes can impact the NOM, having 

an effect on the mobility and aggregation ability of the NOM in solution.  

The presence of carboxylic acid groups within the structural composition of NOM 

is one of the most important interaction sites for metal and NOM interactions (Rey-

Castro et al., 2009). The nature of the specific relationships between different metal 

cations are different depending on the metal cation and the specific nature of the NOM. 

Research has indicated that some metal ions, such as Ca2+, bonds directly with NOM, 
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while other ions such as Mg2+ impact the solubility of NOM by entering into hydration 

spheres of water (Ahn et al., 2008). It is known that divalent cations, such as Mg2+ and 

Ca2+ lead to increased membrane fouling both by precipitation (Yoon et al., 1998) but 

also by hydrolyzing with organic matter (Ahn et al., 2008), but there is limited work 

elucidating the impact that divalent cations have on ion exchange resins themselves. 

The removal of NOM during water treatment has been shown to have an impact 

on many of the treatment techniques commonly used in water treatment (Krasner et al. 

2006). One such technology that has been shown to be effective for the removal of 

NOM is the use of anion exchange (Boyer and Singer, 2006, 2008; Drikas et al., 2009; 

Hsu and Singer, 2010; Kitis et al., 2007; Mergen et al., 2008). 

 
1.2 Anion Exchange and Regeneration 

Ion exchange has been used as a means to remove dissolved organic carbon 

(DOC), which makes up a large proportion of NOM (Thurman and Malcolm, 1985), in 

water treatment systems. A wide variety of resin characteristics and properties allow for 

the deliberate targeting of water contaminants, with DOC being a particular contaminant 

of interest within this work due to the concerns related to NOM removal from potable 

water.   

As it is used now, anion exchange for the removal of NOM has been 

predominantly used in the chloride-form (Boyer et al., 2008). The use of anion exchange 

resins for the removal of NOM from drinking waters has been thoroughly investigated 

(Boyer and Singer, 2006, 2008; Drikas et al., 2009; Hsu and Singer, 2010; Kitis et al., 

2007; Mergen et al., 2008) and systems can be tailored with different resins to 

specifically target NOM of different characteristics. Previous work has shown that 
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certain anion exchange resins have a greater affinity for NOM with a high charge 

density and high aromaticity (Boyer et al., 2008). In addition to extensive academic 

investigations into anion exchange for NOM removal, there have been many pilot and 

full scale plants in operation (Boyer and Singer, 2006; Warton et al., 2007). The use of 

anion exchange is advantageous when attempting to decrease DOC in natural waters 

because of the resin’s ability to further reduce downstream treatment requirements 

(Hammann et al., 2004; Singer et al., 2009; Warton et al., 2007). It is common for most 

anion exchange systems treating natural waters to utilize a resin saturated with chloride 

as the mobile counter ion. This is likely due to the low cost of sodium chloride and the 

relative inertness of chloride in water chemistry reactions. The drawback to the use of 

chloride is the use of concentrated salt brine to regenerate resin leads to a waste 

product high in salinity and organic matter, thus generating another waste stream to 

process.  

 
1.3 Fouling Mechanisms 

 
1.3.1 Inorganic Fouling with Bicarbonate 

The carbonate species are known to react with many divalent metal cations. 

Among those are Ca2+ and Mg2+, which will be the primary focus of this work. In 

traditional water treatment systems, it is well known that hardness, in the form of 

calcium and magnesium, has been known to react with bicarbonate in waters and leads 

to clogging of filters (Letterman, 1999) and fouling of membranes (Yoon et al., 1998). It 

is due to the nature of the precipitation potential of divalent cations that it is necessary 

to determine how the interactions with bicarbonate may adversely affect anion 

exchange.  
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1.3.2 Biological Fouling 

The issue of biofouling on ion exchange resins used in water treatment has been 

acknowledged for a long time (Flemming, 1987). The problem associated with biofouling 

of ion exchange resin is the fact that a biofilm may limit the ion exchange capacity of the 

resins and more importantly the microbes present may pose health risks if waters are 

not properly disinfected after ion exchange. Bacteria tend to accumulate on anion 

exchange resins because bacteria tend to be slightly negatively charged (Flemming, 

1987). The combination of a growing medium and a carbon source (NOM or 

bicarbonate) make it so that ion exchange resins are ideal growing media for bacteria. It 

was found that the bacterial growth associated with ion exchange was directly 

correlated with the frequency of use (Eisman et al., 1949).The resin beds that used in 

the Eisman study were susceptible to bacterial growth, which supports the argument 

that ion exchange resins may serve as a growth medium.  

 
1.4 Research Objectives 

The goal of this research was to improve the understanding of the regeneration 

of anion exchange, and to gain a better understanding of how the fouling of the 

bicarbonate-form of the resin is impacted by divalent cations and biological growth. This 

work was completed through the use of bench-scale experiments using synthetic 

waters, raw drinking waters, and waters taken from wastewater treatment systems. 

Synthetic waters were created using NOM isolates and salts, or metal oxides. The 

objectives of this dissertation were: (1) determine whether bicarbonate-form of the resin 

was a viable alternative to chloride-form resins in regards to the stoichiometry and 

affinity of the ion exchange reaction; (2) evaluate the regeneration and how the 
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regeneration technique impacts the targeted organic matter fraction the resin removes; 

(3) investigate the mechanisms associated with inorganic fouling of bicarbonate-form 

resins; and (4) develop a means to quantify the extent of biofouling on the resin and 

determine if the resin mobile-ion impacts the extent of biofouling. 

 
1.5 Organization of Dissertation 

The dissertation is organized into 6 different chapters in various stages of 

publication and preparation. Chapters 1 and 6 are the Introduction and Conclusion 

which unite and tie together the remaining chapters. Chapter 2: Bicarbonate-form anion 

exchange: Affinity, Regeneration, and Stoichiometry is based on work that was 

published in Water Research. Chapter 3: Impact of regeneration on fractionation of 

NOM in MIEX treated South Australian waters is work that has been completed and 

submitted to Water Research, but has not yet been accepted for publication. Chapter 4: 

The role of divalent cations in the fouling of anion exchange resins is in the final stages 

of completion and is intended to be submitted to Reactive & Functional Polymers. 

Chapter 5: Determination of biological fouling on anion exchange used in wastewater 

treatment is the foundation of work that will be continued by other students and 

submitted sometime shortly thereafter to Water Science and Technology.  
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CHAPTER 2 
BICABONATE-FORM ANION EXCHANGE: AFFINITY, REGENERATION, AND 

STOICHIOMETRY* 

 
2.1 Background 

 Magnetic ion exchange (MIEX) is an effective process for treating water that 

contains dissolved organic carbon (DOC) and other pollutants (Boyer and Singer 2005, 

Boyer and Singer 2006, Kitis et al. 2007, Mergen et al. 2008, Drikas et al. 2009, Hsu 

and Singer 2010). MIEX resin and most conventional anion exchange resins use 

chloride as the mobile counter ion, and are referred to as chloride-form resin. Chloride is 

used as the mobile counter ion because it is relatively inert with respect to water 

chemistry reactions and the low cost of sodium chloride salt for regeneration. Chloride, 

however, is not ideal in every situation and can have several adverse outcomes, such 

as enhanced corrosion of plumbing, detrimental effects on biological wastewater 

treatment processes, and increased salinity loading to surface waters.  

Research has shown that an increase in the chloride to sulfate mass ratio 

(CSMR) can increase lead corrosion in water distribution systems (Edwards and 

Triantafyllidou 2007). Chloride-form anion exchange resin is expected to increase the 

CSMR due to release of chloride and uptake of sulfate, and thus has the potential to 

increase the corrosivity of treated water towards lead. Chloride-form resin also presents 

potential problems related to the regeneration process, whereby a high ionic strength 

sodium chloride solution (i.e., brine) is used to regenerate the resin. Waste brine is often 

                                            
*
 Reproduced with permission from Rokicki, C.A., Boyer, T.H. 2011 Bicarboante-form anion exchange: 
Affinitey, regeneration, and stoichiometry. Water Research 45(3), 1329-1337, DOI: 10.1016/j.watres.2010.10.018. 
Copyright 2010 Elsevier.  
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difficult to dispose of due to the detrimental effects of high salinity on biological 

wastewater treatment processes (Panswad and Anan 1999). Furthermore, wastewater 

effluent that receives waste brine is a threat to receiving waters because the increased 

loading of salt can degrade water quality over time.  

Altering the mobile counter ion on anion exchange resin to a non-chloride ion has 

the potential to negate the problems associated with chloride-form anion exchange 

discussed above. Investigations into the performance of non-chloride anion exchange 

are limited, and focus mostly on hydroxide-form resin and, to a lesser extent, 

bicarbonate-form resin (Höll and Kiehling 1981). Bicarbonate is an attractive alternative 

to chloride because it is harmless to humans and ecosystems, even when present at 

elevated levels (Jelinek et al. 2004). Bicarbonate-form anion exchange resin is expected 

to have similar treatment efficiency as chloride-form resin based on the equal 

preference of chloride-form resin for bicarbonate and chloride (Boyer and Singer 2008). 

This is supported by the work of Höll and Kiehling (1981), Matosic et al. (2000), and 

Jelinek et al. (2004), which shows bicarbonate-form anion exchange can effectively 

treat water for the removal of nitrate and sulfate. In addition, bicarbonate-form anion 

exchange has been shown to decrease the corrosivity of treated water (Takasaki and 

Yamada 2007). This is also seen in the Langelier and Larson-Skold indices, which 

consider bicarbonate to inhibit corrosion in iron-containing water distribution systems 

(Larson 1975). The improved treatment outcomes of bicarbonate-form anion exchange 

relative to chloride-form anion exchange are treated water with lower corrosivity and 

waste brine that does not add chloride to engineered or natural systems. Finally, as 

demonstrated by Höll and Kiehling (1981), bicarbonate-form resin has the potential to 
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be regenerated by sparging water with carbon dioxide (CO2) gas, which would generate 

aqueous bicarbonate and would reduce the need for salts used during regeneration. 

Greenleaf and SenGupta (2009) demonstrated a similar idea in which CO2-sparged 

water generated hydrogen ions that were used to regenerate calcium-loaded cation 

exchange resin. The potential of CO2 sparging for regeneration of anion exchange resin 

can ultimately lead to a water treatment process that uses less chemicals and 

sequesters waste CO2 gas for a beneficial purpose (Greenleaf and SenGupta 2009). 

Regeneration of anion exchange resin with CO2 gas also points to the synergies of co-

locating power generation and water treatment, both of which are major users of water 

and energy (Carrillo and Frei 2009, Blackhurst et al. 2010). 

Despite the appeal of bicarbonate-form anion exchange, the depth of knowledge 

about non-chloride anion exchange is rather limited. There has been a growing interest 

in non-chloride anion exchange which has caused an increase in the number of pilot 

studies and investigations into the performance of bicarbonate-form MIEX treatment 

(Dahlke et al. 2007). Selectivity of resins in the chloride-form for various inorganic and 

organic anions is well established (Li and Sengupta 1998, Tripp and Clifford 2006, Tan 

and Kilduff 2007). However, it is unknown if using non-chloride mobile counter ions will 

alter the preference of a resin for other target anions in the presence of DOC. For 

example, there is a limited amount of research testing bicarbonate-form resin for nitrate 

removal (Jelinek et al. 2004, Matosic et al. 2000, Höll and Kiehling 1981); there is 

limited published work testing bicarbonate-form resin for DOC removal (Dahlke et al. 

2007). This is important because anion exchange, in particular MIEX, is increasingly 

being used for DOC removal (Warton et al. 2007, Neale and Schafer 2009, Singer et al. 
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2009). Other major unknowns related to non-chloride anion exchange include treatment 

efficiency over multiple regeneration cycles; whether it is possible to convert an anion 

exchange resin to the bicarbonate-form by sparging CO2 gas in water, without the 

addition of chemicals; and the precise mechanism of bicarbonate-form anion exchange.  

The overall goal of this work was to increase the depth of knowledge pertaining 

to bicarbonate-from anion exchange. First, the affinity of non-chloride-form anion 

exchange resin was evaluated by using resins loaded with various mobile counter ions. 

The affinity was tested using two synthetic model waters. Both model waters had the 

same composition of chloride, bicarbonate, nitrate, and sulfate. One of the model waters 

also contained a natural organic matter (NOM) isolate. Second, the continued reuse of 

bicarbonate-form resin was investigated to determine the effectiveness of the 

regeneration process. Experiments were conducted using both the synthetic inorganic 

model water and the synthetic NOM-containing model water. Third, the use of CO2 gas 

alone as a means of producing bicarbonate-form resin was examined. Finally, the 

stoichiometry of bicarbonate-form anion exchange process was quantified to ensure 

that the process occurring was in fact ion exchange and not adsorption or complex 

formation. 

 
2.2 Experimental Section 

 
2.2.1 Materials 

MIEX resin from Orica Watercare was used in this work and is referred to as 

MIEX-Cl because chloride is the mobile counter ion. All data for MIEX-Cl resin is virgin 

resin as received from the manufacturer, which is the generally accepted practice with 

MIEX-Cl resin. MIEX-Cl resin was regenerated, as described in Section 2.2, to obtain 
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resins with other mobile counter ions. The nomenclature used in this paper is MIEX-Z or 

R-Z, where R is the MIEX resin phase and Z is the mobile counter ion placed on the 

resin during regeneration. For example, MIEX-HCO3 refers to resin with bicarbonate as 

the mobile counter ion. MIEX resin was also saturated with a pre-determined mobile 

counter ion, to simulate exhaustion, and then regenerated with a different mobile 

counter ion. The nomenclature used for this resin is MIEX-(Y)-Z, where Y is the counter 

ion used to saturate the resin and Z is the counter ion used to regenerate the resin. For 

example, MIEX-(SO4)-HCO3 refers to resin that was saturated with sulfate and then 

regenerated with bicarbonate. A subscript 2 after MIEX is used to show that divalent 

anions occupy two sites on the resin (e.g., MIEX2-SO4). 

Two synthetic model waters were used in this work: (i) inorganic ions only and (ii) 

inorganic ions with NOM. The composition of the synthetic model waters is listed in 

Table 1. The model waters were prepared in deionized (DI) water. Chloride, 

bicarbonate, nitrate, and sulfate were added as sodium salts and were ACS reagent-

grade purity. The NOM was a freeze-dried sample that was isolated from the Santa Fe 

River (SFR), FL, USA by Davis and co-workers (Davis et al. 1999). 

 
2.2.2 Jar Tests and Regeneration 

All experiments were conducted at ambient laboratory temperature and open to 

the atmosphere, unless noted otherwise. Jar tests were performed using a Phipps & 

Bird PB-700 jar tester with 2 L square jars. Two liters of synthetic model water was used 

in all jar tests. MIEX resin was measured as the volume of wet settled resin in a 

graduated cylinder. MIEX resin doses of 1, 2, and 4 mL/L were tested. The jar tests 

were conducted at 100 rpm for 30 min and the resin was allowed to settle for 10 min 
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before samples were taken from a spigot in the jar. Each MIEX resin (e.g., MIEX-Cl, 

MIEX-HCO3, MIEX-NO3, etc.) was tested in duplicate or triplicate doses using the 

synthetic inorganic model water. The complete jar tests for MIEX-HCO3 and MIEX-

(SO4)-HCO3 resins, using the synthetic inorganic model water, were replicated. No 

replicates were tested for the MIEX resins using the synthetic NOM-containing model 

water because of a limited supply of NOM isolate.  

MIEX resin was regenerated to alter the mobile counter ion available for 

exchange on the resin. Sodium salts of chloride, bicarbonate, nitrate, and sulfate were 

added to DI water to prepare the regeneration solution. The equivalent capacity of 

MIEX-Cl resin, which was previously determined to be 0.52 milliequivalents (meq) per 

mL resin (Boyer and Singer 2008), was used to calculate the concentration of mobile 

counter ion in the regeneration solution. Regeneration experiments were conducted 

using regeneration solutions that contained 10 and 100 times the equivalent capacity of 

the resin (i.e., 10× and 100×). Apell and Boyer (2010) used a similar approach to 

investigate regeneration of magnetic cation exchange resin. As an example of a 10× 

regeneration solution, 4 mL of MIEX-Cl resin was regenerated in 1 L of salt solution with 

an equivalent strength of 20.8 meq/L, which required 20.8 mmol/L of bicarbonate to 

produce MIEX-HCO3 resin or 10.4 mmol/L of sulfate to produce MIEX2-SO4 resin. The 

resin was mixed in the regeneration solution using a magnetic stir plate and stir bar for 

30 min, and settled for 10 min before the supernatant liquid was decanted. To ensure 

that there was no excess salt remaining in solution, the resin was washed with 1 L of DI 

water, by mixing 10 min, settling 10 min, and then decanting the supernatant liquid. The 
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washing procedure was repeated a second time before the resin was stored in a closed 

container in DI water. 

 
2.2.3 CO2 Regeneration 

CO2 gas (Instrument Grade, Airgas) was used as an alternative method of 

producing MIEX-HCO3 resin, given the fact that CO2 gas would generate carbonate 

species when bubbled in DI water (Mills and Urey 1940, Benjamin 2002). 500 mL of DI 

water was added to a 1000 mL beaker and placed on a magnetic stir plate with stir bar. 

A pH probe, tube from the compressed gas cylinder, and 20 mL of MIEX-Cl resin (i.e., 

40 mL/L) were added to the DI water. The beaker was covered with parafilm to minimize 

atmospheric interference in the headspace of the beaker. Prior to mixing or sparging, a 

sample was taken from the beaker and served as the initial measurement. The mixing 

was started and CO2 gas was sparged so that there was vigorous bubbling within the 

vessel with a CO2 partial pressure equal to atmospheric pressure. A constant flow rate 

of gas was maintained using a single-stage regulator (Fisherbrand) set at a 140 kPa. At 

5, 15, 30, and 60 min, the stirring and sparging were temporarily stopped, MIEX resin 

was allowed to settle for 30 sec, and then a sample was taken before resuming mixing 

and sparging. The process was repeated with nitrogen (N2) gas (Industrial Grade, 

Airgas), as a control in place of CO2 gas, under identical experimental conditions. All 

experiments were conducted in duplicate. All samples were filtered and analyzed for 

chloride. 
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2.2.4 Titration of NOM 

The SFR NOM isolate was titrated to provide detailed data about the charge 

density as a function of pH. The procedure was based on work by Boyer and Singer 

(2008), which follows a similar procedure as Ritchie and Perdue (2003) in which 

potentiometric titration of NOM was shown to be in good agreement with previous 

approaches documented in the literature. A 50 mL stock solution of NOM in DI water 

was prepared so as to have a concentration of 300 mg NOM/L and 0.1 M KCl. The 

NOM stock solution was covered with parafilm to limit interference by the atmosphere, 

and purged with N2 gas (Industrial Grade, Airgas) for 30 min while being continuously 

stirred using a magnetic stir plate and stir bar. After 30 min, the initial pH was recorded 

and the NOM stock solution was titrated with 0.04 M NaOH in increments of 0.1 mL. 

After each addition of titrant, the solution was allowed 1 min to equilibrate before the pH 

was recorded and the titration step was repeated. The complete titration procedure was 

conducted in duplicate and the titration curves were averaged. The charge density was 

calculated using Equation 2-1 as follows: 

 

NOM charge density (meq/mg C) 
DOC

][OH - ][Na  ][H
 

 
  (2-1) 

 

The NOM concentration on a charge-basis (in meq/L) was calculated as the product of 

the charge density (meq/mg C) and the mass concentration (mg C/L). 
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2.2.5 Analytical Methods 

The pH was measured with an Accumet AP71 pH meter with a pH/automatic 

temperature compensation probe that was calibrated using pH 4, 7, and 10 buffer 

solutions. After pH was measured, all samples were filtered through 0.45 µm nylon 

membrane filters (Millipore) to ensure only dissolved species were analyzed and to 

prevent unsettled MIEX resin from interfering with analysis. Membrane filters were pre-

rinsed with 500 mL of DI water and ~20 mL of sample. DOC and dissolved inorganic 

carbon (DIC) were measured on a Shimadzu TOC-VCPH total organic carbon analyzer 

equipped with an ASI-V autosampler. DOC and DIC calibration standards were 

prepared in DI water using potassium hydrogen phthalate (Shimadzu Scientific 

Instruments, Inc.) and sodium carbonate/sodium bicarbonate (Shimadzu Scientific 

Instruments, Inc.), respectively. Bicarbonate concentrations were calculated by 

converting DIC into total carbonate and, if necessary, using alpha values for carbonic 

acid at the pH of the sample (Benjamin 2002). Chloride, nitrate, and sulfate were 

measured on a Dionex ICS-3000 ion chromatograph equipped with IonPac AG22 guard 

column and AS22 analytical column using 4.5 mM Na2CO3/1.4 mM NaHCO3 eluent 

(AS22 eluent concentrate, Dionex Corporation) as described in Apell and Boyer (2010). 

Calibration standards for chloride, nitrate, and sulfate were prepared in DI water using 

sodium salts that were ACS reagent-grade purity. All DOC, DIC, chloride, nitrate, and 

sulfate measurements were made in duplicate and averaged. Each run on the TOC-

VCPH and the ICS-3000 was monitored using calibration check standards to ensure that 

the measured concentration was within 10% of the known value. Ultraviolet absorbance 

at 254 nm (UV254) was measured on a Hitachi U-2900 spectrophotometer in a 1 cm 
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quartz cuvette. Specific UV254 absorbance (SUVA254) was calculated by dividing UV254 

by DOC. 

 
2.3 Results and Discussion  

 
2.3.1 Affinity 

There are a range of potential problems associated with chloride-form anion 

exchange, as discussed in the Introduction. This is particularly relevant to MIEX 

treatment, because a majority of the peer-reviewed research studying MIEX is based on 

MIEX resin with chloride as the mobile counter ion (i.e., MIEX-Cl) leaving a gap in the 

knowledge of alternative forms of MIEX resin. Furthermore, knowledge about the affinity 

of MIEX resin for inorganic anions and NOM is fundamental to modeling and designing 

the MIEX process (Boyer et al. 2010). Therefore, research is needed that investigates 

the performance of MIEX resin using non-chloride mobile counter ions. The following 

criteria were used to evaluate non-chloride anion exchange: (i) affinity for target 

contaminants, (ii) efficacy of regeneration, and (iii) ion exchange mechanism. These 

criteria were systematically evaluated by studying different forms of MIEX resin and two 

synthetic model waters. This section focuses on the selective removal of target 

contaminants. 

Preliminary jar tests were conducted with 1, 2, and 4 mL/L of MIEX-Cl resin using 

the synthetic inorganic model water (results not shown). A MIEX resin dose of 4 mL/L 

was chosen for all subsequent jar tests because this dose achieved adequate removal 

of anions while still maintaining competition among the various anions. Figure 2-1 

shows the results of jar tests conducted with 4 mL/L of different forms of MIEX resin 

using the synthetic inorganic model water. MIEX-HCO3 (100×), MIEX-HCO3 (10×), 
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MIEX-NO3 (10×), and MIEX2-SO4 (10×) were produced in their respective sodium salt 

solution as described in Section 2.3.2.1. MIEX-HCO3 (100×) and MIEX-HCO3 (10×) 

showed very similar removal of nitrate and sulfate, with MIEX-HCO3 having a greater 

affinity for sulfate over nitrate. The increase in chloride seen for MIEX-HCO3 (10×) resin 

suggests that there was a small fraction of chloride mobile counter ions remaining on 

the resin; however, this did not appear to affect nitrate or sulfate removal. Both 100× 

and 10× MIEX-HCO3 resins showed similar removal of nitrate and sulfate as MIEX-Cl 

resin. The greater affinity of MIEX-Cl for sulfate over nitrate is in agreement with 

previous selectivity studies using MIEX-Cl resin and synthetic inorganic model waters 

(Boyer et al. 2008). The MIEX-NO3 and MIEX2-SO4 resins demonstated the same 

affinity trends as MIEX-HCO3 and MIEX-Cl resins. For example, MIEX-NO3 resin 

showed substantial removal of sulfate and minimal removal of other anions, and MIEX2-

SO4 resin showed <25% removal of all anions. Thus, Figure 2-1 illustrates that 

bicarbonate-form anion exchange performs nearly ideatical to chloride-form anion 

exchange, and that all forms of MIEX resin exhibit the same affinity trend with sulfate > 

nitrate > bicarbonate ~ chloride. 

Figure 2-2 evaluates the effect of NOM on the removal efficiencies of MIEX-

HCO3 and MIEX-Cl resin. Bicarbonate-form MIEX resin was produced using a 10× 

regeneration solution. MIEX-HCO3 and MIEX-Cl correspond to the data in Figure 2-1. 

MIEX-HCO3 (NOM) and MIEX-Cl (NOM) are from jar tests using the synthetic NOM-

containing model water. The presence of NOM had a negligible effect on the removal of 

nitrate for MIEX-HCO3 and MIEX-Cl resin. Sulfate removal appeared to be slightly 

improved in the presence of NOM for both resins. This is likely an artifact of conducting 
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single jar tests for the synthetic NOM-containing model water, and will be discussed in 

more detail in Section 2.3.2.1 evaluating regeneration. MIEX-Cl resin removed more 

DOC than MIEX-HCO3 resin (82% vs. 61%, respectively); however, both resins 

removed >90% of UV254-absorbing compounds. The preference of MIEX-Cl resin for the 

UV254-absorbing fraction of NOM, especially in high SUVA254 waters, has been reported 

in the literature (Singer and Bilyk 2002, Boyer and Singer 2005), and it appears that 

MIEX-HCO3 resin has a similar preference as MIEX-Cl resin for UV254-absorbing NOM. 

Figure 2-2 also shows that both MIEX-HCO3 and MIEX-Cl resin have a similar affinity 

for sulfate and DOC. Previous research studying conventional chloride-form resin and 

MIEX-Cl resin discuss that sulfate and NOM are competitors for anion exchange sites 

and that NOM properties play a key role (Fu and Symons 1990, Boyer et al. 2008). In 

summary, the affinity sequence for both MIEX-HCO3 and MIEX-Cl resin, in the presence 

of NOM, is UV254-absorbing substances > DOC ~ sulfate > nitrate > bicarbonate ~ 

chloride. Most importantly, the results in Figures 2-1 and 2-2 clearly show that MIEX-

HCO3 resin is a suitable alternative to MIEX-Cl resin in terms of affinity and removal 

efficiency. 

 
2.3.2 Regeneration 

 
2.3.2.1 Salt regeneration 

Many studies have investigated the performance of fresh ion exchange resin (Li 

and Sengupta 1998, Jelinek et al. 2004, Hsu and Singer 2010), but only a few studies 

have investigated the regeneration of the same batch of resin to simulate real-world 

conditions of ion exchange treatment (Mergen et al. 2008, Apell and Boyer 2010). It was 

shown in Section 2.3.1 that MIEX-HCO3 resin has a high affinity for sulfate. As a result, 
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studies were conducted to evaluate whether sodium bicarbonate could regenerate 

MIEX resin that was saturated with sulfate. The regeneration procedure is described in 

Section 2.2.2. Briefly, virgin MIEX-Cl resin was saturated with a 10× sodium sulfate 

solution to produce MIEX2-SO4 resin and then regenerated with a 10× sodium 

bicarbonate solution to produce fresh MIEX-(SO4)-HCO3 resin. Similarly, virgin MIEX-Cl 

resin was regenerated with a 10× sodium bicarbonate solution to produce fresh MIEX-

HCO3 resin. The term “fresh” is used because the resins had not been tested in 

synthetic model water. The fresh resins were tested following the jar test procedure 

using the synthetic inorganic model and then regenerated. The sequence of jar test and 

resin regeneration was repeated two additional times. The results are summarized in 

Figure 2-3. The fresh MIEX-(SO4)-HCO3 resin removed less nitrate and sulfate than the 

fresh MIEX-HCO3 resin. This suggests that the regeneration procedure did not fully 

saturate the MIEX2-SO4 resin with bicarbonate, i.e., sulfate remained on the resin which 

resulted in less removal of aqueous nitrate and sulfate. However, MIEX-(SO4)-HCO3 

and MIEX-HCO3 resins showed nearly identical removal of nitrate and sulfate after one 

regeneration cycle, and the performance remained similar after two regeneration cycles. 

These results provide quantitative data which demonstrate that sodium bicarbonate can 

effectively regenerate exhausted anion exchange resin.    

The effect of multiple regeneration cycles on MIEX resin and NOM removal was 

the next step in evaluating the efficacy of sodium bicarbonate regeneration. Figures 2-

4a and b show the final normalized concentrations of inorganic anions and NOM after 

three regeneration cycles using MIEX-HCO3 and MIEX-Cl resin, respectively. Fresh 

MIEX-HCO3 resin was produced by regenerating virgin MIEX-Cl with a 10× sodium 
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bicarbonate solution. The experimental procedure, i.e., jar tests and regeneration of 

resin, was analogous to the procedure corresponding to Figure 2-3. Fresh MIEX-HCO3 

resin showed greater removal of UV254, nitrate, and sulfate than regenerated MIEX-

HCO3 resin (Figure 2-4a). After three regeneration cycles the order of removal for MIEX-

HCO3 was UV254 > DOC > sulfate > nitrate. MIEX-Cl resin followed a similar trend as 

MIEX-HCO3 resin with respect to fresh resin showing greater removal efficiencies than 

regenerated resin, and regenerated MIEX-Cl showing the same order of NOM and 

inorganic anion removal. The consistent removal and affinity trends for NOM and 

inorganic anions indicate that sodium bicarbonate is as effective as sodium chloride at 

regenerating MIEX resin. Figures 2-4a and b also show that regenerated MIEX-HCO3 

resin has a higher affinity for NOM and a lower affinity for inorganic anions than 

regenerated MIEX-Cl resin. This result illustrates that regeneration of anion exchange 

resin is critical for understanding the true behavior of the resin. Other researchers have 

also reported that regenerated anion exchange resin performs differently than fresh 

anion exchange resin (Apell and Boyer 2010), thus underscoring the importance of 

evaluating ion exchange treatment over multiple regeneration cycles. In summary, the 

regeneration efficiency of MIEX-HCO3 resin was similar to MIEX-Cl resin with respect to 

removal of inorganic anions and NOM. This is significant because it is the first work to 

quantify that sodium bicarbonate can be used in place of sodium chloride to regenerate 

MIEX resin which has been partially-exhausted with NOM. 

 
2.3.2.2 CO2 regeneration 

Experiments were conducted to investigate the potential of producing MIEX-

HCO3 resin by sparging CO2 gas in DI water that contained MIEX-Cl resin. Figure 2-5 
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shows the aqueous chloride concentration versus the amount of time gas (either CO2 or 

N2) was sparged in the water/resin slurry. Sparging CO2 gas resulted in release of 

chloride from the MIEX-Cl resin and an aqueous chloride concentration that was ~6–7 

times greater than the initial chloride concentration. This data suggests that bicarbonate 

species are exchanging with resin-phase chloride to produce MIEX-HCO3 resin. In 

contrast, sparging N2 gas resulted in no change in the aqueous chloride concentration 

relative to its initial concentration. The result for N2 gas was expected because N2 does 

not generate anions in water. Overall, while the generation of aqueous bicarbonate and 

carbonate species from carbonic acid is well-known, these results illustrate that 

sparging CO2 gas leads to generation of bicarbonate species as a mobile counter ion 

that can then exchange with resin-phase chloride and produce bicarbonate-form resin. 

Future research is needed that optimizes the operating conditions at which CO2 gas is 

sparged in water and investigates the regeneration of MIEX resin that is exhausted with 

sulfate, NOM, and other anions. 

 
2.3.3 Stoichiometry 

The stoichiometry of ion exchange was investigated for all forms of MIEX resin 

using the synthetic inorganic and NOM-containing model waters. The approach used in 

this work to quantify ion exchange stoichiometry has been previously published and 

used successfully (Boyer and Singer 2008, Boyer et al. 2008). The data were evaluated 

by plotting the total uptake of anions by the resin (in meq/L) against the total release of 

anions by the resin (in meq/L), where the anion released is the mobile counter ion. The 

data were expressed in meq/L to account for exchange of monovalent and divalent 

inorganic anions and polyanionic NOM. The NOM concentration in meq/L was plotted 
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over the pH range of the sample and is shown in Figure 2-6, with calculations performed 

as described in Section 2.2.4. The change in concentrations for organic matter and the 

anions were then compared to ensure that each component contributed to the 

stoichiometry of the system.  

Figure 2-7 shows the stoichiometry of various forms of MIEX resin using the 

synthetic inorganic model water, i.e., in the absence of NOM. The y = x line shows the 

equivalent exchange of anions in solution for anions on the resin, and represents ideal 

ion exchange. The data points were collected from the various affinity and regeneration 

experiments (see Sections 2.3.1 and 2.3.2), which in the case of MIEX-Cl and MIEX-

HCO3 resins generated multiple data points on the figure due to the multiple 

regeneration steps the resins were subjected to. Data for MIEX-Cl, MIEX-NO3, and 

MIEX2-SO4 resins fall along the y = x line, and confirm the expected ion exchange 

stoichiometry. Data for MIEX-HCO3 resin are generally scattered above the y = x line, 

which indicates that more chloride, nitrate, and sulfate ions were removed by the resin 

than bicarbonate ions were released by the resin. This was surprising because 

bicarbonate was expected to follow the same ion exchange stoichiometry as the other 

inorganic anions.  

A review of previous literature suggested that it was possible for multiprotic 

mobile counter ions, such as carbonic acid and arsenic acid species, to deprotonate 

within anion exchange resins (Kimura et al. 1982, Horng and Clifford 1997). It is 

important to note that while regenerating the bicarbonate-form resin (as described in 

Section 2.2.2), there was a decrease of ~1–2 pH units during the DI water rinse step. 

Although the pH of the rinse water was not measured with every regeneration, there 
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was a consistent decrease in pH. Thus, it was hypothesized that bicarbonate was 

deprotonating within the MIEX resin, and the exchange process for MIEX-HCO3 was a 

combination of bicarbonate and carbonate mobile counter ions exchanging with 

chloride, nitrate, and sulfate in solution. This hypothesis was evaluated both 

theoretically and experimentally. First, data for MIEX-HCO3 was recalculated assuming 

that the change in DIC in solution was due solely to carbonate release by the resin (see 

calc. R2-CO3 in Figure 2-7). Second, MIEX2-CO3 resin (see R2-CO3 in Figure 2-7) was 

generated in a solution of pH 11.5 under N2 atmosphere to prevent interference by CO2, 

and tested following the jar test procedure described previously. The calculated data for 

MIEX2-CO3 generally fall below the y = x line indicating that the equivalent concentration 

of mobile counter ions released from the resin (i.e., carbonate) is greater than the 

equivalent concentration of anions removed from solution, which is in agreement with 

bicarbonate and carbonate acting as the mobile counter ion. The experimental data 

point for MIEX2-CO3 falls on the y = x line suggesting that carbonate is the mobile 

counter ion on the resin, and the carbonate does not become protonated in the resin. 

Thus, experimental and calculated data, in conjunction with the noted decrease in pH 

during regeneration, suggest that the true mobile counter ion within MIEX-HCO3 resin is 

a mixture of monovalent bicarbonate and divalent carbonate. Figure 2-8 shows the 

stoichiometry of MIEX-HCO3 and MIEX-Cl resins in the presence of NOM and as a 

function of the number of regeneration cycles corresponding to Figures 2-4a and b. 

Although previous work has confirmed that removal of NOM by virgin MIEX-Cl resin is a 

stoichiometric processes (Boyer and Singer 2008, Boyer et al. 2008), this is the first 

work to evaluate the stoichiometry of ion exchange in the presence of NOM as a 
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function of the regeneration process. This is a very important consideration because 

MIEX resin is intended to be regenerated and reused multiple times. Data for fresh 

MIEX-HCO3 and virign MIEX-Cl resin fall along the y = x line, as expected from previous 

research (Boyer et al. 2008). Importantly, the data for regenerated MIEX-Cl and 

regenerated MIEX-HCO3 resin also fall along the y = x line. This is not a contradiction to 

Figure 2-7, rather it suggests that the bicarbonate mobile counter ion does not always 

deprotonate within the resin phase, and that further investigations are needed to fully 

identify the mechanisms associated with why and to what extent the deprotonation 

occurs. Figure 2-8 does confirm, however, that over the course of multiple regeneration 

cycles ion exchange remains the operative mechanism of NOM removal, thus 

confirming that MIEX resin is reuseable without permanent fouling. 

Although MIEX-HCO3 resin performed very similarly to MIEX-Cl resin with 

respect to affinity and regeneration, the stoichiometry results in Figure 2-7 indicate that 

there is a difference between the pore-scale chemistry of bicarbonate-form resin and 

chloride-form resin. For example, chloride mobile counter ions are not expected to be 

affected by variations in pH or the presence of cations, whereas bicarbonate mobile 

counter ions will be affected by variations in pH and the presence of divalent cations. 

Furthermore, the deprotonation of resin-phase bicarbonate to carbonate and the 

reaction of carbonate with calcium could form calcium carbonate minerals within the 

resin pore structure, which would foul the resin. Thus, additional research is needed 

before bicarbonate-form anion exchange can be implemented at the full-scale. 
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2.4 Chapter Summary 

The goal of this work was to evaluate the extent to which bicarbonate-form anion 

exchange is a viable alternative to chloride-form anion exchange. The motivation for this 

work was the potential adverse effects of chloride-form anion exchange, such as 

increased corrosion and excessive chloride loading to wastewater treatment plants and 

surface waters. The major conclusions of this work are: 

 Fresh MIEX-HCO3 resin showed very similar removals of nitrate, sulfate, DOC, 
and UV254-absorbing substances as virgin MIEX-Cl resin. 

 Fresh MIEX-HCO3 resin and virgin MIEX-Cl resin showed greater removal of 
inorganic anions and NOM than corresponding regenerated resins. Nevertheless, 
sodium bicarbonate had approximately the same level of regeneration efficiency 
as sodium chloride when both anions were used at a concentration 10 times the 
equivalent capacity of MIEX resin. 

 The affinity sequence for MIEX resin was UV254-absorbing substances > DOC > 
sulfate > nitrate > bicarbonate ~ chloride. This affinity sequence was based on 
using bicarbonate-, chloride-, nitrate-, and sulfate-form MIEX resin, synthetic 
inorganic and NOM-containing model waters, and fresh and regenerated resin.  

 Sparging CO2 gas in a water/MIEX-Cl resin slurry resulted in release of chloride 
from the resin, which is suggested to result from bicarbonate species acting as 
mobile counter ions. No release of chloride was observed when N2 gas was 
sparged in a water/MIEX-Cl resin slurry. Thus, the sparging of CO2 gas is a 
potential technique for regeneration of bicarbonate-form MIEX resin because it 
does not require salt. 

 The stoichiometry of chloride-, nitrate-, and sulfate-form MIEX resin followed 
ideal ion exchange behavior. In contrast, the stoichiometry of bicarbonate-form 
MIEX resin did not always follow predictable ion exchange. It appears that resin-
phase bicarbonate is deprotonating and resulting in a mixture of bicarbonate and 
carbonate mobile counter ions. 

 Bicarbonate- and chloride-form MIEX resin showed clear ion exchange 
stoichiometry for NOM removal over multiple regeneration cycles. 
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Table 2-1. Average Measured Composition of Synthetic Model Waters used in Ion 
Exchange Experiments  

 

Species Inorganic model 
water 

NOM-containing 
model water 

chloride (mg/L) 15 14 

bicarbonate (mg/L) 140 95 

nitrate (mg N/L) 28 27 

sulfate (mg/L) 46 46 

DOCa (mg C/L)  4.1 

a SUVA254 ~ 5.4 L/mg C·m 

 
 
 
 
 
 

 
Figure 2-1. Effect of mobile counter ion on affinity of MIEX resin using synthetic 

inorganic model water (C/C0 = 4.6 for Cl-). 
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Figure 2-2. Comparison of bicarbonate-form and chloride-form MIEX resin in the 

absence and presence of SFR NOM. 

 
 
 
 
 

 
 
Figure 2-3. Effect of multiple regeneration cycles on the removal efficiency of 

bicarbonate-form MIEX resin using synthetic inorganic model water. Legend 
shows anion removed from solution, form of MIEX resin. 
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Figure 2-4. Effect of multiple regeneration cycles on the removal efficiencies of (a) 

bicarbonate-form MIEX resin and (b) chloride-form MIEX resin using synthetic 
NOM-containing model water. 

 
 
 

 
Figure 2-5. Generation of bicarbonate-form MIEX resin by CO2 gas sparging. 
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Figure 2-6. Charge density of SFR NOM derived from titration. 

 
 
 

  
Figure 2-7. Stoichiometry of various forms of MIEX resin using synthetic inorganic 

model water. All results are experimental data except calc. R2-CO3, which 
was calculated using R-HCO3 data. 
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Figure 2-8. Effect of regeneration on the stoichiometry of bicarbonate-form and chloride-

form MIEX resin using synthetic NOM-containing model water. Number of 
regeneration cycles is given by the number in parentheses.  
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CHAPTER 3 
IMPACT OF REGENERATION ON FRACTIONATION OF NOM IN MIEX TREATED 

SOUTH AUSTRALIAN WATERS* 

 
3.1 Background 

Growing water demands and diminishing sources have led to the increased use 

of water supplies with high dissolved organic carbon (DOC) contents. In many of these 

waters, high DOC tends to be primarily composed of natural organic matter (NOM). 

NOM is a complex mixture of organic compounds that consist of humic and fulvic acids 

(Collins et al. 1986). These high DOC water are an issue during treatment due to their 

complex chemical nature and their associated issues, such as the formation of 

disinfection by-products. One such means of removal is through the use of ion 

exchange (IEX). IEX has been found to be an effective means of removal of DOC from 

surface waters (Kitis et al. 2007, Boyer and Singer 2005, 2008a, Jarvis et al. 2006, 

Neale and Schafer 2009, Cornelissen et al. 2009). A major benefit to the use of IEX is 

the resin’s ability to be regenerated and used multiple times. One shortcoming of the 

regeneration process of these resins is that the resin becomes fouled over time, and 

loses some of its capacity to remove DOC from source waters, thus decreasing the 

effectiveness of the process (Walker and Boyer 2011). 

While IEX processes are well established and well researched this work focuses 

on the application of magnetic ion exchange (MIEX) resin for the removal of DOC from 

surface waters and the characterization of the molecular fractions of NOM in the MIEX 

treated waters and spent regeneration brine. MIEX has been shown in many instances 

                                            
*
 Reproduced with permission from Rokicki, C.A., Morran, J., Drikas, M., and Boyer, T.H., 2013. Impact of 
regeneration on fractionation of NOM in MIEX treated South Australian Waters. Under review at Water 
Research.  
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to be an effective means of removing DOC from water (Boyer and Singer 2005, 2008b, 

Drikas et al. 2007, Humbert et al. 2005). MIEX is able to remove DOC by interaction 

with negatively charged functional groups in the structure of the organic compounds, 

thus effectively removing them from solution (Boyer et al. 2008). One of the advantages 

of MIEX resin is its small particle size which allows for easy fluidization, and once 

agitation is discontinued its magnetic properties causes the resin to aggregate and 

settle (Singer et al. 2007).  

The primary means of evaluating the performance of MIEX is through DOC 

analysis of bulk water composition. One method of characterizing organic matter in 

solution is through the use of UV254 and subsequently SUVA. SUVA determination is 

performed by measuring the UV absorbance of the sample at 254 nm and then 

normalizing it with the concentration of DOC in solution. SUVA has been found to 

provide an estimation of the molecular weight and aromaticity of organic matter 

(Weishaar et al. 2003). Another method for further investigation of organic matter 

properties is through the use of high performance size exclusion chromatography 

(HPSEC) (Pelekani et al. 1999). Size fraction analysis of DOC in drinking waters is 

important to consider because different molecular weight fractions have different 

properties that impact on downstream drinking water treatment processes. Studies have 

shown that larger molecular weight fractions are more easily removed by coagulation, 

while treatment techniques such as activated carbon can better target lower molecular 

weight fractions (Chow et al. 2008). The hydrophilic nature of the smaller to midsize 

fractions of organic matter allows for it to be targeted by IEX (Croue et al. 1999). The 

removal of NOM is driven by electrostatic interactions which are governed by the 
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selectivity of resins for different anions (Boyer et al. 2008). In work done investigating 

the performance of MIEX in comparison and in conjunction with other water treatment 

processes, it has been shown that MIEX is extremely effective at reducing the mid-

range of organic fractions between 500-1500 Da (Humbert et al. 2005) with the majority 

of the fractions in this size range, including humic substances that have both high and 

low molecular weight (Allpike et al. 2005). Within this specific range, it has also been 

found that the resin has a further additional targeted fraction. MIEX has been found to 

target three areas within the mid to low molecular weight organic matter fraction(Huang 

et al. 2012). One of the concerns of these molecular weight fractions, aside from 

disinfection by-products (DBP) formation, is their ability and tendency to foul membrane 

systems (Huang et al. 2012, Howe and Clark 2002, Lee et al. 2004). MIEX resin’s 

treatment range is ideal for the coupling of IEX with coagulation due to the tendency of 

coagulation to target the larger fraction (> 1500 Da) of colloidal and biological residues 

(Chow et al. 2008). The combination of MIEX with treatment systems have been shown 

to create a more stable treated water that reduces the DBP formation potential (Drikas 

et al. 2007, Humbert et al. 2005, Drikas et al. 2003, Drikas et al. 2011, Boyer and Singer 

2006, Fearing et al. 2004).  

The use of MIEX to reduce DOC in treated systems can have broader impacts on 

the finished water and subsequent treatment streams. Two of the primary issues 

associated with MIEX treatment process is the generation of high salt concentration 

brine after regeneration and potential impacts on finished water corrosivity following 

treatment (Edwards and Triantafyllidou 2007, Ishii and Boyer 2011, Willison and Boyer 

2012). In lieu of chloride it is possible to utilize the bicarbonate ion as the mobile-ion and 
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it has been shown that bicarbonate and chloride have similar selectivities and perform 

the same when removing DOC from water (Rokicki and Boyer 2011). Previous work 

done has shown that in lab scale studies it is sufficient to use stoichiometric excesses 

when determining concentrations of regeneration agents for MIEX resins (Rokicki and 

Boyer 2011, Apell and Boyer 2010). It was found that 10× the required stoichiometric 

dose was able to regenerate resin such that resin was able to perform as effectively as 

a resin regenerated at a much stronger dose of 100× (Rokicki and Boyer 2011).While it 

has been found that stoichiometric based regeneration techniques for laboratory scale 

experiments can yield similar performances, those experiments still observe a decrease 

in resin performance over multiple regeneration cycles (Walker and Boyer 2011, Rokicki 

and Boyer 2011). It is not completely clear through these limited multiple regeneration 

cycle experiments what the impact of regeneration is on the resin processes, due to 

only a handful of studies focused on multiple regeneration cycles and the majority of 

experimentations being focused on single batch experiments. It is unclear how different 

regeneration agents and concentrations factor into the performance and fouling of the 

resins used in these systems. One way to track potential fouling of resins is through the 

exploration of organic matter fraction uptake by resin. There have been multiple studies 

described which investigate the resin’s preferred fractions (Humbert et al. 2005, Allpike 

et al. 2005, Fabris et al. 2007), but a lack of literature into which fractions of NOM cause 

this build up or fouling on the resin. The lack of literature relating the resin regeneration 

and the preferred organic matter fractions of the resin do not provide a complete picture 

of the fouling and regeneration of MIEX resins.  
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The overall goal of this work was to evaluate how different regeneration agents 

can impact the performance of MIEX resin in real world applications. This was 

accomplished by taking resin from two different full-scale MIEX treatment plants and 

applying two regeneration agents at different concentrations. After regenerating each 

resin, the resins were used to treat the raw water from the treatment plants. The specific 

objectives of this work were to: (1) evaluate the impact that the composition and 

concentration of regeneration agents has on DOC and UV absorbance (UVA254) 

removal; (2) evaluate the impact of regeneration agent on the molecular weight fraction 

of NOM in the MIEX-treated water and waste regenerant brines; and (3) determine how 

the bench-scale regeneration compared with the performance of full-scale regeneration 

systems in the water treatment plants. Multiple loading jar tests were performed on the 

regenerated resins from the treatment plants to simulate the treatment conditions in the 

full-scale system. The resins were then regenerated to simulate continuous reuse of 

resin.  

 
3.2 Materials and Methods 

 
3.2.1 Treatment Plants and Raw Waters 

All waters and MIEX resins used in this work were collected from treatment 

plants located in South Australia, Australia. The two treatment plants sampled were the 

Mount Pleasant Water Treatment Plant (Mount Pleasant WTP), located in Mount 

Pleasant, South Australia and the Middle River Water Treatment Plant (Middle River 

WTP) on Kangaroo Island, South Australia. A summary of water quality parameters 

from on-site measurements from these two sites can be found in Table 3-1. 
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Mount Pleasant WTP draws water from the River Murray, which is a high turbidity 

and high DOC body of water. The WTP utilizes two separate water treatment trains, 

both utilizing the MIEX as a pre-treatment process for DOC removal, with one train 

using conventional treatment with coagulation sedimentation and filtration, and the 

second stream utilizing a microfiltration system. The MIEX system at Mount Pleasant 

WTP utilizes a mixing tank for the contactor and collects resin in an adjacent settling 

tank for recycling (Drikas et al. 2011). 

Middle River WTP draws from the Middle River Reservoir which is a water 

source characterized with lower turbidity and high DOC. The treatment train at Middle 

River utilizes MIEX as a pre-treatment process for DOC removal, followed by 

coagulation, sedimentation, and filtration. The MIEX system at Middle River WTP 

utilizes a fluidized bed, high rate contactor, with tube settlers to prevent MIEX loss. 

Resin is pumped directly out of the contactor in the Middle River WTP and sent into the 

regeneration system. 

 
3.2.2 Anion Exchange Resins 

All experiments in this work were performed using MIEX resin from Orica 

Watercare. Resins used with each water sample were collected from their respective 

water treatment plant at either Middle River or Mount Pleasant, and were sampled from 

the resin collection systems, after use but prior to regeneration. Resins were collected 

prior to regeneration specifically so that the resins were partially saturated with DOC 

and anions from the WTP to allow more realistic starting conditions of the experiment.  
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3.2.3 Multiple Loading Ion Exchange Jar Tests 

Multiple loading jar tests were performed so that bench-scale experiments would 

more realistically mimic performance conditions in the full-scale water treatment 

processes (Kitis et al. 2007, Mergen et al. 2008). In full-scale operations only a fraction 

of spent resin is regenerated, while water is continuously being treated. In this system it 

is only a small fraction of the regenerated resin that is in contact with the water being 

treated. Full scale MIEX systems are designed for the resin to treat a certain number of 

bed volumes (BV) of water prior to resin regeneration.  

Experiments were performed on a Phipps & Bird PB-900 jar tester with 2L B-KER2 

square acrylic jars. All experiments were performed in triplicate and all data presented 

represents the mean of the triplicate experiments with error bars signifying one standard 

deviation.  

 2 L of raw water taken from the same WTP as the resin was added to 10mL of 

the regenerated resin. The water was mixed at 100 rpm for 20 min. After 20 min the 

water was decanted with care to prevent resin loss, and an additional 2L of raw water 

was added then mixed at 100 rpm for an additional 20 min. This process was repeated 

until there was a contact of 600 BV for the Middle River water/resin and 800 BV for the 

Mount Pleasant water/resin. The BV contact difference is due to matching operating 

conditions at the respective WTPs. All samples were analyzed for pH, UVA254, DOC, 

and molecular weight fractionation as described in Section 3.2.5.  

 
3.2.4 Resin Regeneration 

Spent resins were collected from the WTPs following the contactor and were 

regenerated in the laboratory, subjected to bench-scale experiments, regenerated 
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again, and subjected to another round of bench-scale experimentation. The two 

regeneration agents that were investigated were (1) sodium chloride (NaCl) and (2) 

sodium bicarbonate (NaHCO3). The goal of these two regeneration agents were to 

generate a resin with either a (1) chloride mobile counterion or (2) a bicarbonate mobile 

counterion. The two regeneration agent concentrations were determined using (a) a 

stoichiometric excess based on ion exchange capacity of MIEX resin or (b) 

manufacturer’s recommended operating conditions.  

To regenerate the resin, resin was measured in a graduated cylinder and added 

to a B-KER2 jar with 1L of regeneration agent solution. Regeneration agents were made 

using either a solution of NaCl or NaHCO3. The stoichiometric based dosage was based 

on the total equivalents capacity of the dose of resin and multiplied by 10 to ensure 

adequate presence of mobile ions In the regeneration scheme used in this experiment, 

this is approximately 0.3% and 0.4% by weight of the chloride and bicarbonate salt, 

respectively. . The alternative treatment scheme was based on the manufacturer 

suggestions that a chloride solution should be a 10% solution, which is approx. 100 g/L 

of NaCl and that the bicarbonate should be a 50 g/L of NaHCO3 solution (5% by 

weight), which is equivalent to approximately 340× and 115× stoichiometric excess, 

respectively, with the different concentrations being due to the less soluble nature of the 

NaHCO3 salt. Resins were mixed in the solution of regeneration agent at 100 rpm for 10 

min. Resins were allowed to settle and were decanted, during decanting the waste 

regenerant brine was sampled and analyzed by HPSEC. 1 L of deionized (DI) water 

was added to the resin, was mixed for 10 min at 100 rpm, allowed to settle and 

decanted, this DI water rinse was repeated a second time.  
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3.2.5 Analytical Methods 

All samples were filtered through 0.45 µm mixed cellulose ester membrane 

filters, with pH and conductivity being measured prior to filtration. Filtered samples were 

analyzed for DOC by conductometric methods using a Sievers 900 Total Organic 

Carbon Analyzer, with each analysis including check standards in both the low and high 

end of the instruments range, these standards were changed regularly and varied 

slightly by the Australian Water Quality Centre quality assurance/quality control 

department. Samples were filtered through 0.2 µm mixed cellulose ester membrane 

filters for apparent molecular weight (AMW) determination using HPSEC analysis. 

HPSEC was undertaken using a Waters Alliance 2690 separations module and 996 

photodiode array detector at 260 nm. 0.1 M phosphate buffer in 1.0 M NaCl was flowed 

through a Shodex KW802.5 packed silica column at a rate of 1.0 mL/min, which 

provided effective separation range from approximately 1000 Da to 50000 Da. The 

AMW calibrations were performed with 35000, 18000, 8000, and 4600 Da polystyrene 

sulphonate standards as described by (Fabris et al. 2008) using methods described in 

(Chin et al. 1994).  

 
3.3 Results and Discussion  

 
3.3.1 Impact of regeneration agent on DOC removal 

The bulk of experimentation was performed in multiple loading jar tests. Figures 

3-1 and 3-2 represent the effluent DOC normalized by the influent DOC for each set of 

resins used to gauge the performance of the resins in treatment systems. In this work, 

the regeneration cycle refers to how many times a certain resin has been regenerated 

after being collected from the water treatment plant. The first regeneration cycle 
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represents resin that has been collected, then regenerated, and then subsequently used 

for experimental purposes. The second regeneration cycle represents resin that has 

been regenerated following the first cycle and then subsequently used in 

experimentation. 

Figure 3-1 shows the results from resins taken from the Mount Pleasant water 

treatment plant and plots the effluent DOC concentration normalized by the influent 

DOC concentration for the different resins over the span of the multiple treatment bed 

volumes. Figure 3-1 shows effluent DOC concentration normalized by the influent DOC 

for the resins regenerated using the different regenerants for the first and second 

regenerations. Figure 3-1a shows the resin regenerated by Cl- at the operators 

recommended conditions (10% NaCl), Figure 3-1b shows the resin regenerated by 

HCO3- at the operators recommended conditions (5% NaHCO3) and finally Figures 3-

1c,d show the resins regenerated at the stoichiometrically determined dose, (0.3% NaCl 

and 0.4% NaHCO3, respectively.) These results clearly show that with continuous 

loading, the resin performance decreases with increasing bed volumes treated. This 

trend was apparent under all regeneration conditions used. DOC removal after the 

second regeneration was generally similar to the first regeneration.  

Comparison of the chloride and bicarbonate regeneration (Figure 3-1a,b and 

Figure 3-1c,d) show that the regenerated resins perform similarly to each other at 

removing DOC. The primary difference in resin performance comes from the difference 

between the concentration of regeneration agents as shown in Figures 3-1a vs Figure 

3-1c and Figure 3-1b vs Figure 3-1d. It is important to take into account that at the 10% 

NaCl or 5% NaHCO3 regeneration conditions that the molar concentration of HCO3
- is 
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only ≈600 mmol/L compared to the ≈1800 mmol/L of Cl- due to the fact that HCO3
- has a 

lower solubility, which limits the strength of the HCO3
- solution, leading to a difference 

between the concentration of the Cl- and HCO3
- regeneration solutions. Figure 3-1 

shows that the overall trend for resin performance from highest DOC removal to lowest 

is as follows: NaCl at 10% > NaHCO3 at 5% > NaCl at 0.3% > NaHCO3 at 0.4%. The 

decreased performance, however slight, implies that the resins are not being completely 

regenerated at the lower concentrations of regeneration agents. In situations where 

waste regenerant brine is an issue, a lower salt concentration may be easier to dispose 

of and the benefit of such may be able to offset a slight decrease in DOC removal. 

Depending on the influent water quality, and necessary effluent quality, regeneration 

brine strength is another means of optimization the efficiency of a water treatment 

system.  

Figure 3-2 is identical to Figure 3-1, with the exception being that the resins and 

waters used were taken from the Middle River WTP. Figure 3-2a confirms the trend 

apparent in Figure 3-1 of decrease in resin performance with increasing bed volume 

treated. Figure 3-2b shows a decrease in DOC removal with subsequent bed volumes, 

with the second regeneration showing the same performance as the first regeneration. 

There is a decrease in performance between the Cl- resin and the HCO3
- resin 

regenerated at 10% NaCl or 5% NaHCO3, which is most significant at 200 bed volumes 

and is likely due to the difference in the regenerant concentration strength between the 

two counterions. Figure 3-2c shows that the DOC removal appears to improve with 

multiple loadings and the best DOC removal is seen at 600 bed volumes for the first 

regeneration whereas in the second regeneration the DOC removal decreases with 
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increasing bed volumes treated. Figure 3-2d matche those in Figure 3-2c. The two 

resins in Figures 3-2c,d behave similarly to each other which suggest that the difference 

in performance seen in Figures 3-2a,b is in fact likely due to the difference in 

concentrations with the 10% NaCl and 5% NaHCO3 regeneration rather than the affinity 

of the resin. The similarity in the performance of the resins in Figures 3-2c,d imply that 

for the Middle River water the regeneration solution strength has more of an impact on 

the regeneration efficiency than the regeneration agent. Figure 3-2 shows that with the 

10% NaCl and 5% NaHCO3 regenerant (Figure 3-2a,b) the resins are more completely 

regenerated and are able to behave as expected in addition to removing more DOC 

than the resins regenerated using the 0.3% NaCl or 0.4% NaHCO3 regenerant (Figure 

3-2c,d.) , as was observed with the resin sourced from the Mt Pleasant WTP. 

Furthermore, the even stronger 10% NaCl regenerant solution yields better performing 

resin compared to the 5% NaHCO3 resin due to the higher molar concentration. The 

resins represented in Figures 3-2c,d are most likely incompletely regenerated, which 

explains the performance of the first regeneration of the resin. The resin may be 

saturated with an ion that competes with DOC for surface sites and over time the DOC 

concentration is able to shift so that it is more preferred by the resin due to 

concentration gradients. The subsequent regenerations cause the resin to behave as 

expected, which implies that there was fouling on the resin that the initial regeneration 

was unable to reverse.  

In comparing the performance of both resins, the primary similarity is the trend of 

200 BV treatment having achieved the best DOC removal with subsequent treatment 

bed volumes suffering a decrease in performance, which is consistent with trends seen 
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in other multiple loading experiments in which MIEX undergoes an initial saturation 

phase and then sees a decline in performance (Kitis et al. 2007). However there are 

also noticeable differences between the performances of the resins between the two 

water sources. Figure 3-1 showed the best performance at just over 60% DOC removal 

at 200 BV, with the median removal for all bed volumes at approximately 40%. The data 

in Figure 3-2 showed that the best removal was approximately 45% at 200 BV, with the 

median removal across all the bed volumes closer to approximately 25% for all the 

resins (both regeneration agents at both concentrations) treating Middle River source 

water. The difference between the performances of the resins in these two different 

waters is likely due to both the much higher level of DOC, sulfate, and bromide in the 

Middle River water, which utilizes a greater proportion of the ion exchange capacity of 

the resin with the sulfate and bromide competing with the DOC. It also appears that the 

resin may be more heavily loaded and/or the type or organics present in these two 

water sources differs to the extent that the Middle River DOC is more closely (and 

irreversibly) bound to the resin and hence is not as readily removed during 

regeneration.  

 
3.3.2 Impact of Regeneration Agent on NOM Fractionation 

Another aspect to consider is whether or not the different regeneration agents 

impact the molecular weight fraction of the DOC that is removed during treatment. 

Figure 3-3 shows chromatograms representing the performance of the resins and water 

taken from Mount Pleasant for the different combination of regeneration agents and 

concentrations. The x-axis shows the apparent molecular weight in Da on a logarithmic 

scale and plotted against that is the absorbance of the DOC. In these figures, the larger 
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the absorbance corresponds to a greater amount of UV absorbing organic matter at that 

specific molecular weight. Each part of Figure 3-3 shows the raw water compared to the 

resin’s performance in reducing that molecular weight fraction for the resins and water 

sampled from Mount Pleasant. Figure 3-3a,b show the use of the resins regenerated 

with 10% NaCl or 5% NaHCO3 for the first and second regenerations, respectively. 

These figures show similar performance for all the resins between the first and second 

regeneration. Figures 3-3c,d show the resins that were regenerated using with 0.3% 

NaCl or 0.4% NaHCO3 for the first and second regeneration, respectively, and confirm 

the previous observations that less organics were removed. Figure 3-4 is arranged 

identically to Figure 3-3 and represents the data from the Middle River resins and water. 

Figures 3-3 and 3-4 demonstrate the same overall trend of decreasing performance with 

increasing bed volumes with the HCO3
- trailing the Cl- at each bed volume. The one 

deviation from the performance trend being in Figure 3-3d, where the performance trend 

showed that the Cl- resin at the 400 and 600 bed out-performed the HCO3
- resins at 400 

and 600 bed volumes, with the rest of the resins following the same trend of HCO3
- 

following Cl-. As shown in Figures 3-1 and 3-2 the the Mount Pleasant resins more 

effectively reduces the peak in the 1000-2000 Da range than the Middle River resin. 

While comparing these two water sources, it is important to consider the difference in 

the source water quality; Middle River water, in addition to having an overall greater UV 

absorbance, a greater proportion of the UV absorbing material is greater than 1000 Da 

when compared to the Mount Pleasant water. The disparity in scale of the two figures is 

due to the higher DOC level in the Middle River water supply, coupled with the tendency 

of the carboxyl and aromatic fraction of organic matter to be in this range (Abbt-Braun et 
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al. 2004, Lankes et al. 2008) with this high aromatic and UV absorbing fraction being 

the most rapidly removed by IEX. The difference in performance between Mount 

Pleasant and Middle River is likely due to the resin targeting this fraction and then 

becoming exhausted. The 1000-2000 Da size range is also likely the resin’s preferred 

size fraction, due to the marked difference in the resin’s removal of this fraction, and the 

drop off in removal after the 200 bed volumes treated as shown in Figure 3-3. Figure 3-

4 shows a decreased peak in the 1000-2000 Da range, which supports the argument 

that the resin favors this fraction, followed by the smaller fractions. Based upon Figures 

3-3 and 3-4, it appears that the 1000-2000 Da range is the resin’s preference, followed 

by the 500-700 Da range, and lastly the peak at 200-300 Da range, which represents an 

agglomeration of organic matter associated with the salt peak that precedes HPSEC 

(Huber et al. 2011, Swift and Posner 1971). The removal of the large peak primarily is 

likely to be due to the larger overall concentration of the organic matter in this fraction, 

with the overall preference of MIEX for organic matter fractions in the 500-1500 Da 

range being consistent with previous findings (Humbert et al. 2007), and the mid-range 

preference being supported elsewhere in the literature (Allpike et al. 2005, Huang et al. 

2012). Previous work found that the MIEX resin prefers the organic fractions in the 5 to 

2 kDa size range (Mergen et al. 2009) was in good agreement with the findings of this 

research, while this work supported the previous findings it further elucidated the resin’s 

preference over multiple use cycles. 

HPSEC has been used in previous studies to investigate the performance of 

MIEX for the removal of DOC (Humbert et al. 2005, Allpike et al. 2005, Fearing et al. 

2004, Fabris et al. 2008), but there is a limited investigation into the fractionation of 
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organic matter in the regenerant brine following treatment (Mergen et al. 2009). After 

the laboratory experiments, the resin was regenerated and the brine analyzed to 

investigate how the different regeneration solutions impact the fractionation of organic 

matter in the spent brine. Figure 3-5 shows the chromatogram from the analysis of the 

brine, with the y-axis showing the absorbance and x-axis showing the AMW on a 

logarithmic scale. These figures represent the organic matter fraction that is coming off 

the resin after use, with the peak height relating to concentration of UV absorbing 

organic matter in solution, with the location of the peaks representing the size and 

properties of the organic matter fractions. Figure 3-5a shows the waste regenerant brine 

after the resin treated the Mount Pleasant water following the first regeneration 

experiment. It is clear that the 10% NaCl or 5% NaHCO3 brine releases significantly 

more organic matter, with the primary peak seen in the regeneration at 1000 Da. Figure 

3-5b shows the same information as Figure 3-5a, but represents the second 

regeneration experiment of the Mount Pleasant water. The second regeneration 

resulted in a wider range of AMW compounds coming off the resin, but overall a 

decreased intensity; the 0.3% NaCl and 0.4% NaHCO3 regenerants more closely 

matched the 10% NaCl and 5% NaHCO3 regenerants. A major difference seen in 

Figures 3-5 is the clear difference in the concentration of UV absorbing compounds 

coming off the resins between the different regeneration strengths. Figures 3-5 a,c, and 

d show a very significant decrease in the release of UV absorbing material when using 

the 0.3% NaCl and 0.4% NaHCO3 regenerant solution, with figure 3-5b showing a less 

pronounced decrease. The likely cause for these differences between the regeneration 

performance is due to insufficient regeneration of the resin, as these resins had been 
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subjected to multiple loadings, it was likely that in the WTP the resins were fully 

saturated and the lower strength of the regenerant solution was inadequate to fully 

recharge the resins.  

In comparing Figures 3-5a and c, there is a difference in the total UV absorbing 

materials coming off the resins, with the Mount Pleasant resin releasing much more UV 

absorbing material which implies that the Middle River resin was either more 

permanently fouled, or the resin wasn’t as completely saturated as the Mount Pleasant 

resin due to larger AMW fractions occupying the resin’s sites. The difference in intensity 

seen in Figure 3-5a between first regeneration and second regenerations is likely a 

result of the resin directly taken from the treatment plant being more fully saturated, 

whereas the second regeneration having a lower intensity is due to the limitations of 

one jar test to fully saturate the resin. Figures 3-5c and 3-5d show the same patterns 

with the Middle River resins and water. The results in Figures 3and 4show that overall 

during treatment the fraction of organic matter being removed, in descending order of 

peak intensity reduction, is the 1000-1500 Da, the 500-700 Da, and the 200-300 Da 

range. This same trend is not what is seen during regeneration, during regeneration 

there are primarily two peaks, the 500-1500 Da peak and the 500-700 Da peak. The 

shift of peaks in Figure 3-5 implies that either there is potentially a breakdown or 

compression of the lower molecular weight fraction into smaller fractions, or that the 

strength of the regenerant is able to impact the resin’s affinity. Ion exchange resins do 

show changes in affinity for different ions depending on ionic strength of solution, so it is 

possible that the resins have very different affinities when the resin is being 

regenerated. Figure 3-5 also shows that only Cl- at the 10% NaCl regenerant 
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concentration is able to generate the peak at 100 Da, which is associated with the 

HPSEC salt peak, that elutes a mixture of smaller and mid-sized organic fractions that 

cannot be categorized particularly by size (Swift and Posner 1971), however the elution 

of this mixed fraction implies that this is the only regenerant that is able to fully treat the 

resin and reverse fouling, as none of the other regenerations are able to generate 

significant quantities of these organics. It is possible that the breakdown, or shift of 

organic matter in this higher ionic strength solution is only found with the 10% NaCl 

regeneration and is the cause for the improved regeneration of the resin. 

In addition to comparing the fractionation the number-averaged (Mn) and weight-

averaged (Mw) molecular weights for the DOC was determined from the HPSEC data. 

Mn and Mw were derived by using the following equations as described by (Chin et al. 

1994): 

            ⁄  ⁄  (3-1) 
              ⁄  (3-2) 
 

where h represents absorbance at an eluted volume and M represents the molecular 

weight of the analyte. Using these equations it was possible to normalize the Mw with 

the Mn, to determine the polydispersity (ρ), which is a measure of the uniformity of the 

organic matter fractions in solution. As polydispersity approaches 1 the mass of 

fractions remaining in solution becomes more uniform. Table 3-2 shows a summary of 

the Mw and ρ values for all first regeneration laboratory experiments, with additional 

data representing the brine from the second regeneration experiments. All data for the 

second regeneration is available in Appendix A and shows similar trends to the first 

regeneration. Mn values are not shown for brevity and can be inferred based on Mw and 
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ρ. Polydispersity was calculated and is used to determine the effectiveness of the 

treatment process to remove certain factions of organic matter. A drop in polydispersity 

is a good indicator of a treatment techniques ability to target a specific fraction of 

organic matter, as the polydispersity is used as a means to convey the overall variation 

in the size range of the UV absorbing organic matter. Table 3-2 shows that there tends 

to be a slight increase in the polydispersity from the raw water to the treated waters. 

This confirms that the MIEX is targeting, not just one fraction of organic matter, but 

multiple fractions. Additionally, the brine has a significantly lower polydispersity than the 

raw and treated waters, implying that fractions of organic matter being removed by the 

resin are not coming off the resin during regeneration but that regeneration is targeting 

more specific fractions. It is likely that certain fractions of organic matter are remaining 

on the resin – it appears that these are the larger AMW (greater than 1500) compounds 

as the MW of the brine is of the order between 500 -1000, depending on the raw water 

source. In Table 3-2 it is shown that overall there are only small differences in the 

performance of the resin during the multiple loading jar tests, but there is a clear 

difference in the performance while comparing the brine. The Middle River brine shows 

no difference between the first and second regenerations, while all the Mount Pleasant 

brine shows a decrease in Mw and ρ from the first regeneration to the second 

regeneration, with this decrease showing that after the second regeneration there are 

fewer large AMW fractions coming off the resin. The chloride brine generated by the 

Mount Pleasant resins tended to have a similar or greater Mw value to the treated 

waters, suggesting that the higher AMW material is more readily removed from the resin 

during regeneration. It can be seen in the second regenerations of the Mount Pleasant 
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chloride resin that there is less effective removal, due to the decrease in the Mw of the 

brine, the same trends are not apparent in the lower strength regenerant solutions. The 

lower strength regenerant solutions have Mw lower than that of the treated water, which 

implies that the regeneration process is leaving the largest of the AMW fractions on the 

resin. The same trend of higher Mw in the brine than the treated water no longer holds in 

the Middle River water. The Middle River water has a much higher Mw than the Mount 

Pleasant water, which indicates a much greater portion of the larger AMW fractions, due 

to these greater portions of larger AMW fractions there is no significant decrease in Mw 

values of treated water. What is seen in the Middle River brine is that the difference Mw 

is much more pronounced between the weaker and the stronger regenerant 

concentrations. The lower Mw seen in the regenerants is due to the much higher 

concentration of large AMW fractions in the raw water, with the resin being saturated by 

these large portions, once again the high strength regenerant is better able to remove 

the large AMW fractions from the resin, while the weaker regenerant solution is not. In 

the Middle River water the ρ stays consistent due to the significant portion of the larger 

fractions dominating the distribution, with the exception of the chloride brine at the 

operator’s concentration which was able to increase the ρ. The overall trend showed 

that weaker regenerant solutions had a slight tendency to remove fewer of the larger 

AMW compounds as exhibited by the decrease in the Mw. Similarly the second 

regenerations of the resins tend to remove fewer larger molecular weight fractions, 

overall implying that weaker regenerant solutions and multiple regenerations may not be 

fully regenerating the resins when they are in the presence of larger AMW fractions. 

These results are consistent with findings elsewhere in the literature investigating the 
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fractionation of organic matter in brine, in that the larger AMW fractions tend to block 

access to resin sites (Mergen et al. 2008) 

 
3.3.3 Comparison of Bench-scale to Full-scale Systems  

An important concern in water treatment is the limiting of resources used, while 

maintaining a production of quality potable water. This work investigated the impact that 

the composition and concentration of regeneration agent and the impact it had on 

performance of the resin. Table 3-3 shows the averages of water quality monitoring 

parameters at the two water treatment plants used in this study. The data was collected 

by plant operators and provided to the authors. The data from the experimental values 

was derived by averaging the entirety of the data generated for a specific experiment 

type including each bed volume treated and all the regenerations. This allows for the 

direct comparison of lab scale performance with full scale performance. Table 3-3 

shows that the data from the Mount Pleasant WTP agrees with the experimental data, in 

that the resins that were regenerated using the same regenerant as the plant achieved 

a DOC removal within approximately 5% of the full-scale plants removal however there 

was a decrease in DOC removal by 10-15% with the 0.3% NaCl and 0.4% NaHCO3 

regenerants. The data for Middle River does not agree as well as the Mount Pleasant 

data. This difference in performance is likely due to the small resin dosages used in the 

laboratory experiments and the high concentration of DOC in the source water; in the 

full scale WTP resin dosages are much higher , approximately 100 mL/L, through a 

continuous upflow clarifier. Table 3-3 shows that a reduction from a 10% NaCl solution 

to a 0.4% NaCl solution can achieve comparable performance which only yields an 

approximate 7% decrease in DOC removal in the higher DOC Middle River water. In the 
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lower DOC Mount Pleasant water the decrease in performance was closer to 15% when 

using the weaker brine. In situations where high DOC waters are being treated, it stands 

to reason that a decreased salt demand can benefit treatment systems greatly in cost 

and waste production. In situations where generating too much brine may be a concern, 

this can potentially alleviate some concern and allow for the use of ion exchange in 

situations where it was previously not a viable option.  

 
3.4 Chapter Summary 

The conclusions of this work are: 

 MIEX targets a wide range of organic matter fractions in natural waters 
regardless of regeneration agent, regeneration agent concentration, or DOC 
level. In waters with higher DOC levels, the largest peaks will have the largest 
removal due to favorability of that fraction and competition for charged sites. 

 The MIEX resin tends to target three particular size ranges of organic matter, 
with the 1000-1500 Da and the 500-700 Da range the preferred regions, and the 
200-300 Da range being the least preferred peak being reduced. This is likely 
due to the mobility of the size ranges, the aromatic structure of the larger range 
and the likely presence of carboxylic acid groups in the 500-700 Da range. 

 The difference in performance between Cl- or HCO3
- as regeneration agents are 

slight in regards to DOC removal. When averaging the performance of each form 
of the Cl- form resin and the HCO3

- form of the resin there is a noticeable 3-5% 
decrease in performance with the HCO3

- resin. In some instances lower 
concentrations of regeneration agents may provide adequate levels of 
performance, thus decreasing brine treatment requirements. In this work it was 
shown that a reduction of regeneration agent concentration by almost 30 fold 
only yielded a 17% decrease in DOC removal, thus creating much less brine 
waste while removing significant amounts of DOC.  

 The fractions of UV absorbing organic matter in the brine following regeneration 
do not match the fractions removed during treatment. This implies that certain 
fractions, 1000-1500 and 500-700 Da, of organic matter are remaining on the 
resin, which is likely the cause of fouling.  

 The concentration of Cl- or HCO3
- as regeneration agents may also impact the 

efficiency of removing the organics during regeneration. It appears that the lower 
concentrations are even less effective at removing the larger MW material which 
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may then result in more rapid fouling of the resin. This would be an issue in 
source waters with higher MW organics.  
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Table 3-1. Characteristics of raw water sources 

Characteristic 
River Murray (at 

MtP-WTP) 
Middle River Reservoir 

(at MR-WTP) 

DOC
1
 6.8 mg/L 13.3 mg/L 

Turbidity
1
 41 NTU 8 NTU 

Color
1
  42 HU 150 HU 

UV254
2
 0.266 1/cm 0.594 1/cm 

Sulfate
1
 12 mg/L 23 mg/L 

Bromide
1
 0.11 mg/L 0.63 mg/L 

1
Averaged values from water monitoring at treatment plants 

2
Derived from laboratory experiments 
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Table 3-2. Mw and ρ values for select 
experiments 

 
 
Sample

1
 Mw ρ 

MtP Cl-10×-1 raw 1005 1.42 

MtP Cl-10×-1 200BV 860 1.63 

MtP Cl-10×-1 400BV 846 1.54 

MtP Cl-10×-1 600BV 830 1.53 

MtP Cl-10×-1 800BV 835 1.50 

MtP Cl-10×-1 Brine 738 1.20 

MtP Cl-10×-2 Brine 756 1.12 

MtP Cl-op-1 raw 1007 1.37 

MtP Cl-op-1 200BV 897 1.64 

MtP Cl-op-1 400BV 879 1.59 

MtP Cl-op-1 600BV 863 1.54 

MtP Cl-op-1 800BV 840 1.50 

MtP Cl-op-1 Brine 1160 1.50 

MtP Cl-op-2 Brine 958 2.13 

 

Sample
1
 Mw ρ 

MR Cl-10×-1 raw 1607 1.74 

MR Cl-10×-1 200BV 1732 1.80 

MR Cl-10×-1 400BV 1698 1.81 

MR Cl-10×-1 600BV 1684 1.80 

MR Cl-10×-1 Brine 536 1.22 

MR Cl-10×-2 Brine 570 1.22 

MR Cl-op-1 raw 1527 1.74 

MR Cl-op-1 200BV 1722 1.84 

MR Cl-op-1 400BV 1701 1.82 

MR Cl-op-1 600BV 1673 1.82 

MR Cl-op-1 Brine 1003 2.59 

MR Cl-op-2 Brine 1014 2.58 
1
Samples names containing “10×” were 

stoichiometrically determined and regenerated 
using 0.3% NaCl, and sample names containing 
“op” were regenerated using 10% NaCl 
 
 
 

 
 
 
 

Sample
2
 Mw ρ 

MtP HCO3-10×-1 raw 1005 1.42 

MtP HCO3-10×-1 200BV 867 1.59 

MtP HCO3-10×-1 400BV 846 1.53 

MtP HCO3-10×-1 600BV 840 1.50 

MtP HCO3-10×-1 800BV 841 1.49 

MtP HCO3-10×-1 Brine 699 1.19 

MtP HCO3-10×-2 Brine 647 1.23 

MtP HCO3-op-1 raw 1007 1.37 

MtP HCO3-op-1 200BV 882 1.61 

MtP HCO3-op-1 400BV 869 1.54 

MtP HCO3-op-1 600BV 852 1.51 

MtP HCO3-op-1 800BV 848 1.49 

MtP HCO3-op-1 Brine 991 1.22 

MtP HCO3-op-2 Brine 784 1.24 

 

Sample
2
 Mw ρ 

MR HCO3-10×-1 raw 1607 1.74 

MR HCO3-10×-1 200BV 1709 1.78 

MR HCO3-10×-1 400BV 1707 1.81 

MR HCO3-10×-1 600BV 1685 1.81 

MR HCO310×-1 Brine 549 1.21 

MR HCO310×-2 Brine 565 1.20 

MR HCO3-op-1 raw 1527 1.74 

MR HCO3-op-1 200BV 1688 1.79 

MR HCO3-op-1 400BV 1688 1.82 

MR HCO3-op-1 600BV 1667 1.82 

MR HCO3-op-1 Brine 881 1.45 

MR HCO3-op-2 Brine 902 1.44 
2
Samples names containing “10×” were 

stoichiometrically determined and regenerated 
using 0.4% NaHCO3, and sample names 
containing “op” were regenerated using 5% 
NaHCO3 
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Table 3-3. Change in DOC for full scale and laboratory scale treatments 

  
Avg 

DOCin 
Avg 

DOCout 
Avg % 

remaining 

MtP WTP
1
 6.8 3.3 52 

MtP M-C 10x 8.75 5.80 66 

MtP M-C op 8.72 4.24 49 

MtP M-H 10x 8.75 6.04 69 

MtP M-H op 8.72 4.66 53 

MR WTP
2
 13.3 7.3 45 

MR M-C 10x 14.02 11.15 80 

MR M-C op 14.02 10.26 73 

MR M-H 10x 14.02 11.65 83 

MR M-H op 14.02 10.91 78 
1
The n for the samples of DOCin is 24 and the n of samples for DOCout is 48 

2
The n for the samples of DOCin is 14 and the n of samples for DOCout is 52 
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A)  

 

B) 

 
 
C) 

 

 
D) 

 
 
Figure 3-1. Effect of increasing bed volume loading on DOC removal in Mount Pleasant 

water by resin regenerated in a) 10% NaCl; b) 5% NaHCO3; c) 0.3% NaCl; 
and d) 0.4% NaHCO3 for the first and second regeneration cycles. 
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A) 

 

B) 

 
 
C) 

 

 
D) 

 
 
Figure 3-2. Effect of increasing bed volume loading on DOC removal in Middle River 

water by resin regenerated in a) 10% NaCl; b) 5% NaHCO3; c) 0.3% NaCl; 
and d) 0.4% NaHCO3 for the first and second regeneration cycles. 
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A) 

 

B) 

 
 

C) 

 

D) 

 

Figure 3-3. Molecular weight distribution by HPSEC for resin and waters from Mount Pleasant WTP using 10% NaCl or 
5% NaHCO3 regeneration solution, A) first regeneration, and B) second regenerations; resin and water from Mount 
Pleasant WTP using 0.3% NaCl or 0.4% NaHCO3 regeneration solution at the c) first regeneration, and d) second 
regenerations. Legend caption listed in order of appearance at 1000 Da from top to bottom. 
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A) 

 

B) 

 
C) 

  

D) 

 

Figure 3-4. Molecular weight distribution by HPSEC for resin and waters from Middle River WTP using 10% NaCl or 5% 
NaHCO3 regeneration solution at the A) First regeneration, and B) second regeneration; resin and water from Middle 
River WTP using 0.3% NaCl or 0.4% NaHCO3 regeneration solution at the C) first regeneration, and D) second 
regenerations. Legend caption listed in order of appearance at 1000 Da from top to bottom. 
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A) 

 

B) 

 
C) 

  

D) 

 

Figure 3-5. Molecular weight distribution by HPSEC for A) Mount Pleasant regeneration brine from the first regeneration, 
B) Mount Pleasant regeneration brine from the second regeneration, C) Middle River regeneration brine from the first 
regeneration, and D) Middle River regeneration brine from the second regeneration. Legend caption listed in order of 
appearance at 1000 Da from top to bottom. 
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CHAPTER 4 
THE ROLE OF DIVALENT CATIONS IN THE FOULING OF ANION EXCHANGE 

RESINS 

 
4.1 Background 

The removal of natural organic matter (NOM) from drinking water is a growing 

area of concern as NOM impacts many aspects of the water treatment processes, and 

by reacting with disinfectants, forms disinfection by-products (Krasner et al. 2006). NOM 

in natural waters behaves as an anionic species due to the deprotonation of carboxylic 

acid functional groups (Boyer and Singer 2008, Collins et al. 1986) which makes the 

removal of NOM by anion exchange possible. The removal of NOM by anion exchange 

is well documented (Bolto et al. 2002, Boyer and Singer 2006, Boyer et al. 2008, Drikas 

et al. 2007, 2011, Karpinska et al. 2013) and this work focuses on the use of magnetic 

ion exchange (MIEX) resin, which has been shown to be very effective at removing 

dissolved organic carbon (DOC) from drinking water. Unfortunately when using anion 

exchange, the regeneration of the resin produces concentrated salt brines which are 

difficult to regenerate which has led to the investigation of the use of NaHCO3 as a 

regenerant rather than NaCl (Rokicki and Boyer 2011). While the use of bicarbonate as 

the mobile-ion appears to be effective, it seems that the bicarbonate-form tends to lose 

its capacity more rapidly than the chloride-form over multiple resin life cycles (Walker 

and Boyer 2011). It appears that the increased concentration of bicarbonate may be 

contributing to the fouling of the resin in natural water systems. 

In laboratory based anion exchange reactions, it has been shown that ion 

exchange reactions will undergo fouling with multiple regeneration cycles (Mergen et al. 

2008, Walker and Boyer 2011), which is described as the loss of capacity of the resin. 
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Of particular interest in regards to bicarbonate-form resins is the potential for inorganic 

fouling to occur by means of scale formation of the resin. Inorganic scale formation is a 

well-investigated phenomenon in membrane processes (Jung and Son 2009, Kimura et 

al. 2004, Mitsoyannis and Saravacos 1977), but is not readily investigated in ion 

exchange processes. It is believed that the precipitation of minerals on membranes 

increase the extent of fouling (Bhattacharjee and Johnston 2002, Mitsoyannis and 

Saravacos 1977). The precipitation of minerals from aqueous solution is a process that 

is governed by the solubility product of the mineral (Benjamin 2002). This work 

investigated the impact that magnesium, calcium, and cadmium had on the fouling of 

the bicarbonate-form anion exchange process. Table 4-1 lists the solubility products of 

the likely carbonate mineral to form using the selected cations, with magnesite being the 

most soluble and otavite being the least soluble.  

The selected divalent cations not only have the potential to form precipitates, but 

interaction with NOM is likely to occur (Dzombak et al. 1986, Kinniburgh et al. 1999). 

Calcium is understood to readily form complexes with NOM, while magnesium and 

cadmium are also known to complex with NOM, they do so to a lesser extent 

(Kalinichev and Kirkpatrick 2007, Leenheer et al. 1998). The ability of these cations to 

complex with NOM can play greatly into the mobility of the cations. The more mobile the 

cation, the greater the potential of the divalent cation to enter the porous resin structure 

and foul the resin. It is expected that cations would be excluded from the resin structure 

due to Donnan exclusion principles (Cumbal and Sengupta 2005, Sarkar and SenGupta 

2010): however, while complexed with NOM, or in the hydroxide form, the cations would 

be able to enter into the resin structure.  
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 While research does show that the fouling of resins do occur (Rokicki and Boyer 

2013, Walker and Boyer 2011), it is not entirely clear what the mechanism is that 

causes the fouling of bicarbonate-form resins. The precipitation of carbonate minerals is 

what would appear to be the most likely cause of fouling of the resin. It is unclear 

whether fouling occurs as precipitation on the resin, or if it is caused by steric 

interferences with the resin structure. Any steric interference would need to be able to 

overcome Donnan exclusion to enter into the resin structure to remove access to 

charged sites. Overall, it is unknown how divalent cations contribute to the fouling of 

bicarbonate-form anion exchange, and by which mechanisms the fouling occurs. 

 The hypothesis of this work was that the solubility of carbonate minerals would 

govern the inorganic fouling that occurs on bicarbonate-form anion exchange resin, with 

less soluble species fouling the resin most. The specific objectives of this research were 

to: (1) determine the effect of divalent metal cations on the ability of bicarbonate-form 

anion exchange resin to remove DOC over multiple regeneration cycles; (2) evaluate 

the impact of divalent cations on bicarbonate-form anion exchange in the presence of 

nitrate in lieu of NOM; and (3) determine whether the anion exchange process is likely 

to alter water chemistry enough to trigger precipitation. Anion exchange resins in the 

bicarbonate- or chloride-form were used to treat synthetic waters that contained 

Suwannee River NOM isolate and either: Mg2+, Ca2+, or Cd2+, or nitrate with one of the 

divalent cations of interest. After treatment, the resin was regenerated using either NaCl 

or NaHCO3, and used to treat another batch of the same synthetic water, with this 

process being repeated for a total of four regeneration cycles. 
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4.2 Materials and Methods 

 
4.2.1 Materials 

Synthetic waters were developed specifically to keep competition between the different 

ions and resin consistent in the different waters using different cations. Three waters 

were designed each using either: Mg2+, Ca2+, or Cd2+ as the divalent metal cation. 

Waters were designed so that each ion in water had the same equivalence charge as 

the other constituents. Using a same equivalence for the constituents of the waters 

minimized the extent to which concentration difference of constituents drove anion 

exchange and allowed for the resin’s selectivity to govern the performance of the resin. 

One deviation from the consistent equivalence charge was in the Cd2+ derived water, in 

that the chloride concentration was higher, as listed in Table 4-2, due to solubility of 

cadmium salts available. 

Waters were created by weighing out dosages of American Chemical Society 

(ACS) certified salts of sodium bicarbonate and sodium chloride, Suwannee River NOM 

isolate (Catalog number: 1R101N) from the International Humic Substances Society, 

and either ACS grade MgO, CaO, or CaCl2. Sodium chloride was not added to the Cd2+ 

synthetic water because chloride was added from the cadmium salt. 

Magnetic anion exchange resin (MIEX, Orica Watercare) was used in this work. 

MIEX resin was used in two different presaturant ion forms: chloride or bicarbonate. 

Prior to the first experiment, virgin MIEX resin was regenerated, as described in 4.2.3., 

to convert to the desired presaturant ion.  
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4.2.2 Experimental methods 

All experiments were performed on a Phipps & Bird PB-700 jar tester, using 

stainless steel paddles, 2 L glass beakers containing 2000 mL of test water, with all 

conditions tested in triplicate. 

 
4.2.3 Ion Exchange Regeneration 

Two regeneration agents were used in this investigation, a (1) sodium chloride 

(NaCl) and (2) a sodium bicarbonate (NaHCO3) based solution. These two agents were 

used to generate a resin with either the chloride or bicarbonate as a mobile counterion. 

The concentration of the regenerant was determined by calculating a stoichiometric 

excess based on the ion exchange capacity of the MIEX resin, this concentration was 

calculated by determining the equivalents capacity of the dose of resin in each sample, 

and multiplied by 10 to drive equilibrium. Regenerants were made using either a 

solution of NaCl or NaHCO3, each 1 mL dose of resin had regenerant dosed with 1 L of 

3.04 mg/L NaCl or 1 L of 4.37 mg/L of NaHCO3. Resins were mixed in the regenerant 

solution at 100 rpm for 30 min, once mixing was complete the resins were allowed to 

settle, and the used regenerant was decanted. 1 L of DI water was added to the resin 

and mixed for 10 min at 100 rpm, allowed to settle and decanted, with this DI water 

rinse step being completed one more time. 

 
4.2.4 Ion Exchange Treatment 

Treatment experiments were completed following regeneration of the resin. One 

milliliter of MIEX resin was added to 2 L of synthetic water and mixed at 100 rpm. Mixing 

was stopped at 5, 15, 30, and 120 min; the resin was allowed to settle and 50 mL of 

supernatant was drawn using a syringe before resuming the mixing. All samples were 
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syringe filtered using millex PVDF 0.45 µm filter tips and analyzed for pH. Depending on 

the water characteristics, samples were also analyzed for DOC, DIC, inorganic anions, 

or inorganic cations.  

Bench-scale experiments with data shown as percent removal compared to the 

raw water had statistical errors calculated using Equation 4-1, where s represents the 

standard deviation, N represents the sample size, co represents the initial concentration, 

and c represents the concentration at that sample point. Error associated with samples 

presented as absolute concentrations were represented with standard deviation. 
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4.2.5 Analytical Methods 

All samples were filtered using 0.45 µm sterile PVDF membranes. Immediately 

following filtration, the pH of all samples were measured using an Accumet AB15 pH 

meter with probe that was calibrated using pH 4, 7, and 10 buffer solutions. DOC and 

DIC were analyzed using a Shimadzu TOC-VCPH total organic carbon analyzer as 

described by Rokicki and Boyer (2011). Chloride, nitrate, magnesium, and calcium 

values were measured on a Dionex ICS-3000 ion chromatograph. During chloride and 

nitrate analysis the ICS-3000 was equipped with an IonPac AG22 guard column and 

AS22 analytical column running Na2CO3/1.4 mM NaHCO3 eluent solution. During 

calcium and magnesium analysis the ICS-3000 was equipped with an IonPac CG12A 

guard column and and IonPac CS12A analytical column running 0.02 M 

methanesulfonic acid eluent solution. All analysis was compared to calibration 
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standards and checks using ACS reagent-grade purity salts in DI water. Cadmium 

samples were sent to the Analytical Services Laboratory located at the University of 

Florida, for inductively coupled plasma analysis. All TOC and IC samples were analyzed 

in duplicate for precision, with all duplicates being found acceptable if they were within 

5% difference between the duplicates. Check standards were used at the end of each 

run to confirm the accuracy of calibration curves, for both the TOC and IC, and were 

always within 10% variability. In addition to check standards the TOC analyzer utilized 

outside check standards from Ricca Chemical were confirmed to be within 10%.  

 
4.2.6 Visual MINTEQ 

Generated model waters were analyzed using Visual MINTEQ version 2.61 to 

compare to the actual experiments and determine whether or not precipitation would 

occur in the waters following the anion exchange process. To prevent difficulties 

associated with modeling the complex nature of NOM and its interactions with divalent 

cations, analysis was only carried out using the waters containing nitrate. For all runs 

the system was set to open atmospheric CO2 pressure (0.00038 atm), and bicarbonate 

was entered as equal composition of CO3
2-, and pH was fixed at the measured pH 

values of the waters used in experiments, with the 120 min time sample value being 

used for post ion-exchange pH values. Remaining ion concentrations were entered in 

as their representative ionic concentration as millimolar units, with concentrations being 

listed in Table 4-3. The baseline composition was set by the theoretical composition of 

the water, as briefly described, with the post anion exchange water composition being 

calculated based on adding the total chloride or bicarbonate capacity of the resin to the 

solution. With MIEX resin having approximate capacity of 0.5 meq/mL, and each dose 
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of resin was 1mL, 0.5 meq of chloride was added to model the post-chloride resin 

waters, and 0.5 meq of bicarbonate was added to model the post-bicarbonate resin 

waters. Each post anion exchange model water was run twice, once with no 

precipitation allowed, and once again with precipitation to quantify the amount of 

potential precipitates. On initial runs, precipitation was restricted to determine the 

saturation index of each species in solution, to identify those species most likely to form, 

once these species were identified, the models were set to allow them to precipitate.  

 
4.3 Results and Discussion 

 
4.3.1 Effect of Divalent Metal Cations on Target Anion Removal 

 
4.3.1.1 DOC removal 

Figure 4-1 shows the percent DOC removal in each of the model waters 

containing Suwannee River NOM isolate, plotted against the mixing time of the resin for 

each of the resin regeneration cycles being labeled as R1, R2, R3, or R4 with the 

numeral integer representing the total number of regeneration cycles the resin 

underwent. Figure 4-1a) shows the DOC removal for all chloride-form resins in the 

magnesium water as described in Table 4-2. Figure 4-1a shows that at the longest time 

interval, the resin is able to achieve 48% DOC removal, and gradually decreases over 

multiple regeneration cycles to approximately 33% DOC removal. This gradual loss of 

capacity of the resin at our sample point is likely due to a combination of the incomplete 

regeneration of the resin that was described by Rokicki and Boyer (2013) and fouling of 

the resin. Figure 4-1b, shows the same model water as Figure 4-1a and how it behaves 

when treated by bicarbonate-form resin. The first regeneration of the bicarbonate-form 
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has a reduction in DOC removal when compared to the first regeneration in the 

chloride-form resin, with bicarbonate-form achieving 33% removal and chloride-form 

achieving 48%. It appears that the interaction of magnesium and bicarbonate have an 

immediate negative impact on the performance of the removal of DOC by anion 

exchange, while previous work has shown that bicarbonate-form resin has the same 

affinity for DOC as the chloride-form (Rokicki and Boyer 2011) meaning that the 

decrease in performance is caused by the interactions of magnesium with the resin. 

Figure 4-1b also shows that over multiple uses the resin performance continues to drop 

and approach 23% DOC removal. Figures 4-1c,d) show the performance of the 

chloride- and bicarbonate-form resins, respectively, in the calcium water. In Figure 4-1c 

the first regeneration of the resin is able to achieve 47% DOC removal at 120 min, but 

all the other subsequent regenerations fall to approximately 30% removal. Figure 4-1d 

shows that the bicarbonate-form resin achieves 41% DOC removal with a more gradual 

decrease in performance over multiple regenerations to 25% removal. Figures 4-1c,d do 

show a slight difference in performance between the chloride and bicarbonate forms, it 

is not as significant as the magnesium’s impact on performance. The extent of the 

impact of calcium and magnesium is not as expected, as magnesite is the most soluble 

of the likely minerals to precipitate of the selected cations. The most likely cause of 

fouling of the resin may be the formation of Mg(OH)2, which would allow for the 

magnesium to interact directly with the pores of the resin. In comparison to the calcium 

and magnesium waters, the cadmium appears to have the least impact on the fouling of 

the resin. Figure 4-1d,e shows the chloride- and bicarbonate-form in the cadmium 

containing synthetic water. The performance of the resins in Figure 4-1d,e are 
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essentially the same with the chloride-form resin achieving the highest DOC removal at 

120 min of 46% and the lowest of 28% while the bicarbonate-form achieves 49% DOC 

removal at its first regeneration and 31% DOC removal at the last regeneration. The 

hypothesis that the cadmium water would cause the most fouling of the bicarbonate 

water, followed by calcium, with magnesium fouling the water the least does not appear 

to be holding, instead the opposite is occurring and magnesium is causing the most 

resin fouling.  

 
4.3.1.2 Divalent metal cation removal 

Figure 4-1 showed that the presence of divalent cations do have an impact on 

the performance of the bicarbonate-form resin. It stands to reason that with any 

decrease in performance from the chloride-form resin when compared to the 

bicarbonate-form resin, there should be a noticeable difference in the divalent cation 

concentration. An increase in the cation removal should occur if the fouling of the resin 

is occurring due to inorganic scale. Figure 4-2 shows the residual concentration of 

magnesium for each sample time, plotted against the number of regeneration cycles the 

resin underwent for both the chloride- and bicarbonate-form resin. Figure 4-2a shows 

the chloride-form of the resin, which shows minimal difference in magnesium 

concentration for the first regeneration, a slight removal in the second regeneration, with 

slight leaching of magnesium off the resin in the third and fourth regenerations at the 

120 min sampling point. Figure 4-2b shows the magnesium removal by the bicarbonate-

form resin. Figure 4-2b shows that there is little removal overall in the first, second or 

third regeneration series, but in the fourth regeneration the resin leaches magnesium 

into the bulk solution. It is likely that the magnesium is interacting with the resin or 
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organic matter initially, with the later regenerations eventually desorbing magnesium 

from the resin and releasing it into the bulk water solution. It is clear that the magnesium 

is interacting with either the resin, NOM, or the bicarbonate, but the exact mechanism is 

unclear as it does not appear to be precipitation due to the magnesium concentration 

not decreasing.  

The performance of the resins in the presence of calcium is more straight-

forward. Figure 4-3a,b is configured the same as Figure 4-2, and shows that the percent 

removal of calcium is ±10%, with the exception of the 15 min sample for the first 

regeneration of the bicarbonate-form resin. The mobile ion of the resin in the presence 

of calcium ultimately does not drastically impact the removal of calcium, with no calcium 

removal there can be no precipitation of calcium minerals. Figure 4-4a,b, which is 

arranged as Figures 4-2 and 4-3, show the cadmium removal achieved in the waters 

treated by the chloride- and bicarbonate-form resins respectively. In Figure 4-4a, it can 

be seen that the first three regenerations of the chloride-form resin have a slight 

increase in the cadmium concentration at 120 min while, but subsequently in the fourth 

regeneration there is a removal of cadmium during the 5, 15, and 30 min sampling 

points, but by the 120 min sampling point the solution equilibrates and there is no net 

removal noticed. Compared to the bicarbonate-form resin shown in Figure 4-4b, in 

which the first three regeneration cycles achieve minimal change in cadmium removal, 

and the last regeneration releases cadmium. It appears that the cadmium concentration 

increases to a value that is greater than the initial concentration during treatment, while 

this may be reasonable in Figure 4-4b, assuming that the resin is able to accumulate 

cadmium in the pore structure, and release it after several treatments, this accumulation 
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is not seen as decreased DOC removal in Figure 4-1f. It is also unlikely that the resin 

would be able to accumulate free cations due to Donnan exclusion processes (Cumbal 

and Sengupta 2005). This change in divalent cation concentration is likely due to initial 

precipitation of the cadmium into the bulk solution, and as the concentration of chloride 

and bicarbonate ions change through the anion exchange process, the equilibrium shifts 

and more cadmium dissolves.  

The presence of NOM and divalent cations definitely appear to have an impact 

on the fouling of bicarbonate-form anion exchange resins, with magnesium having the 

greatest impact, as evaluated by decrease in DOC removal. In the presence of all 

divalent cations there is some extent of decreased DOC removal experienced, but in 

none of the waters were there significant decreases in metal cations to be able to 

conclude that the fouling was caused by precipitation. pH was recorded for all samples 

and is reported in Appendix B. Figure 4-1 and it shows that the pH for the bicarbonate-

form and the chloride-form waters were similar, but the divalent cation impacted the pH. 

Waters containing magnesium were found to have a pH between 7 and 8, while the 

calcium and cadmium waters had pH values primarily in between 6 and 7.  

 
4.3.2 Effect of Divalent Metal Cations on Target Anion Removal in the Absence of 

NOM 

 
4.3.2.1 Nitrate removal 

It is well documented that organic matter has a tendency to interact with cations 

in waters (Kinniburgh et al. 1996, Kinniburgh et al. 1999) and these interactions may 

somehow be impacting the performance of bicarbonate-form resin. To eliminate any 

concerns associated with the interaction of the divalent cations with natural organic 
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matter, synthetic waters using nitrate as the targeted anion for removal were used. To 

determine the cause of resin fouling, it was important to consider anion exchange in 

which the only source of potential fouling was from the divalent cation interacting with 

the other anions and the resin. To achieve this nitrate was used in lieu of NOM as the 

targeted anion, so that organic interactions with the resin or divalent cations would not 

interfere with the performance. Figure 4-5 shows the nitrate removal from the various 

model waters that used nitrate in lieu of NOM as the targeted anion with each of the 

divalent cations for the multiple regenerations of the resin. Nitrate was selected because 

previous work showed that MIEX has a higher affinity for the nitrate than the chloride or 

bicarbonate and will selectively remove the nitrate from waters (Rokicki and Boyer 

2011). Any decrease in nitrate removal between chloride- and bicarbonate-form resin 

can be attributed to inorganic fouling of the resin. Figure 4-5a shows the chloride-form 

resin in the synthetic water containing nitrate and magnesium for each regeneration 

cycle. In Figure 4-5a, each regeneration cycle peaks at 15 min, with the first 

regeneration cycle having the highest nitrate removal with a peak of 17% removal, and 

a decline to 12% removal at the 120 min time interval. Each subsequent regeneration 

cycle follows the same pattern, with a consistent decline in performance with the final 

regeneration achieving only 8% nitrate removal at the 120 min sampling point. This 

peak in nitrate removal signifies that the resin is removing the nitrate initially, but 

eventually desorbing the nitrate as the experiment progresses. The nitrate peak removal 

and subsequent desorbing is likely related to shift in ion exchange equilibria and is 

discussed subsequently with the cation removal performance. A similar trend is seen in 

Figure 4-5b, in which the bicarbonate-form of the resin is used to treat a water 
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containing nitrate and magnesium. Figure 4-5b shows that the bicarbonate-form of the 

resin achieves much lower nitrate removal almost immediately when compared to the 

chloride-form. The bicarbonate form of the resin follows the same removal trend, in 

which the highest removal is seen at 30 min, with the nitrate desorbing after this point. 

The highest removal achieved by the bicarbonate-form resin in the presence of 

magnesium was approximately 8% nitrate removal, which was at the first regeneration 

step, while the chloride-form resin achieved 8% nitrate removal at its worst performance 

on the final regeneration cycle showing that the bicarbonate in the magnesium water 

has a clear impact on the resin and is fouling the resin in the form of inorganic scale.  

The trend of desorbed nitrate was not a continued observation and was only 

noticed in the magnesium waters. In Figure 4-5c,d chloride-form and bicarbonate-form 

resin are shown in the presence of the calcium ion for all regeneration cycles, and both 

resins behave as expected with percent nitrate removal increasing until 30 min and 

performance leveling off, rather than decreasing. The increase of removal until a 

maximum removal is obtained is standard for most anion exchange processes and is 

expected (Helfferich 1962). Figure 4-5c shows that the final nitrate removal for all 

regeneration cycles of the chloride-form resin falls between 23% and 31%, while 

Figure 4-5d, which shows the bicarbonate-form of the resin in the calcium water, only 

achieves 21% to 24% nitrate removal. This slight decrease in performance between the 

resin forms, shows that there is some slight inorganic fouling that is occurring, but not to 

the same extent that the magnesium was fouling the resin.  

The final portions of Figure 4-5, which includes Figure 4-5e,f show the chloride- 

and bicarbonate-form of the resin in the nitrate water that contains cadmium. This figure 
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closely resembles the performance of the resin in Figures 4-5c,d, in that the resin 

achieves its max performance after 30 min and levels off after that, with each 

regeneration cycle decreasing the overall max performance slightly. In Figure 4-5e, the 

chloride-form achieves a maximum nitrate removal of 36%, which decreases to 29% 

nitrate removal at the end of the regeneration cycles. In Figure 4-5f, the bicarbonate-

form resin experienced a slight decrease in nitrate removal compared to the chloride-

form resin. The bicarbonate-form resin in the presence of cadmium was only able to 

achieve a maximum nitrate removal of 30%, while over the course of the regeneration 

cycles it decreased to 27%. The decrease of the nitrate removal in the cadmium was a 

clear indicator that there was some inorganic fouling that was occurring. All of the 

synthetic waters tested experienced some extent of inorganic fouling, with magnesium 

being the most drastically fouled by inorganic precipitation. 

 
4.3.2.2 Divalent metal cation removal 

Figure 4-6 shows the concentration of magnesium for each sample time in the 

waters containing magnesium and nitrate, plotted against the number of regeneration 

cycles that the resin underwent for both the chloride- and bicarbonate- form resin. 

Figure 4-6a shows the change in magnesium in the presence of the chloride-form resin 

which in all regenerations shows a steady increase in magnesium concentration as the 

contact time increases. Figure 4-6b shows the same trend with the bicarbonate-form of 

the resin. This data appears to be rather anomalous and is not believed to be related to 

instrumental error due to calibration checks being within 10% of their value, it is 

reasonable to assume that due to the low concentration of the samples that instrument 

signal interfered with analysis. Figure 4-6 is showing a net increase of magnesium, 
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rather than a decrease further supports that precipitation is not occurring on the resin, 

but the precipitation may have occurred in the bulk solution, with ion exchange allowing 

the magnesium to become more soluble. Figure 4-7 is configured as Figure 4-6, 

showing the calcium concentrations in the nitrate and calcium water. Both Figure 4-7a, 

b show that the chloride- and bicarbonate-form respectively show that the concentration 

of calcium remains relatively consistent across all regenerations. Figure 4-8 a, b show 

the concentration of cadmium for the nitrate model waters, both Figure 4-8 a, b show 

that over the course of the ion exchange experiments, the cadmium concentration is 

increasing. As with Figure 4-6 this is likely due cadmium and magnesium becoming 

more soluble during ion exchange. 

The divalent cation concentration data further supports the idea that precipitation 

is not necessarily occurring on the resin, but the divalent cations have a clear impact on 

the performance of the resin, which can be seen when comparing the first regeneration 

of the chloride-form resins to the bicarbonate-form resins. It appears that the cadmium 

and magnesium may be precipitating in the bulk water solution, and overtime as the ion 

exchange process occurs, the equilibrium of the bulk water solution shifts and more of 

these divalent cations are dissolving in the bulk water solution. This is likely caused by 

different speciation occurring with the addition of chloride and bicarbonate to the bulk 

solution. When looking at the pH values in Appendix B, it is shown that the magnesium 

waters have a pH around 10, while the calcium water starts at 9 and decreases to 7, 

and the cadmium water stays in between 6 and 7. The magnesium interactions with the 

water and the resin are clearly the driving force in the fouling of the resin, and is likely 

related to the pH shift.  



 

90 

4.3.2.3 Chemical speciation modeling 

Visual MINTEQ modeling, shown in Table 4-3, show that in the theoretical post-

ion exchange waters some species approach saturation. In the waters containing 

calcium, both the post-chloride and post-bicarbonate waters would be likely to 

precipitate aragonite, calcite, and vaterite, but there is a clearly increase in the 

saturation index in the bicarbonate waters, showing that these minerals are more likely 

to precipitate. In the magnesium model waters, the most likely precipitate is magnesite, 

for both the post-chloride and post-bicarbonate treatments, with the bicarbonate water 

once again having the higher saturation index. These model results conflict with the 

data seen in the bench-scale experiments, both the NOM containing water and the 

nitrate containing water experienced increased fouling in the presence of bicarbonate, 

while theoretically the magnesium waters should be the least likely to foul. The most 

likely reason that fouling is occurring is that the magnesium is likely forming magnesium 

hydroxide that is interacting with the resin structure. The only water that had a positive 

saturation index, and therefor was likely to form a precipitate was the cadmium water 

following bicarbonate-form anion exchange, which shows that otavite is likely to 

precipitate in both the post-chloride and post-bicarbonate waters. The model was run 

again, with precipitation allowed and otavite precipitated in both waters, showing that 

the increased concentration of bicarbonate would increase the amount of precipitate. 

This data also conflicts with the experimental data that was seen, the cadmium waters 

tended to have the least amount of impact on performance, which implies that this 

precipitation is not occurring on the resin surface. The precipitation occurring in the bulk 

water is not impacting the resin and is not fouling the resin, this is likely due to otavite 

being readily able to precipitate in the bulk water solution, where the ionic potential is 
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much lower than the resin-phase aqueous solution which has a much higher ionic 

strength. It is possible that a majority of the cadmium is precipitating out of the bulk 

water solution, rather than interacting with the resin, thus decreasing the likelihood of 

cadmium interacting with the resin, as opposed to the magnesium waters, where it is 

likely the magnesium is forming other complexes and interfering with the resin. 

In the absence of NOM, it does appear that the bicarbonate-form of the resin 

does experience more fouling than the chloride-form. In the presence of all divalent 

cations the performance decreased on the first regeneration cycle and often to a greater 

extent than the NOM containing samples. It is likely that without the NOM interactions 

that the divalent cations are directly interacting with the resin. As supporting Table 4-2 

shows, most pH fell within typical raw water range of 6-9, with the exception of the 

magnesium water which had a higher pH. 

 
4.4 Chapter Summary 

 In most waters containing NOM, there was an almost immediate decline in 
performance in regards to DOC removal in the presence of divalent cations with 
the exception of cadmium.  

 There was no decrease in divalent cation concentration to support the hypothesis 
that the divalent cation precipitation was the cause of resin fouling. 

 Magnesium appeared to have the greatest impact on the performance of anion 
exchange, and this was likely due to magnesium speciation in water. Mg(OH)2 
was likely to form and would be able to enter the pore structure of the resin, thus 
blocking access to resin surface sites.  

 Cadmium, while models state is likely to precipitate, shows that this isn’t likely to 
foul the resin. Precipitation is likely occurring in the bulk solution and not 
impacting the resin. 
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A)  

 

B) 

 
C)  

 

D) 

 
E)  

 

F) 

 
Figure 4-1. Kinetic plots showing percent DOC removal over time for each resin in either 

the chloride- or bicarbonate-form in the presence of either: Mg, Ca, or Cd in 
the NOM containing water. Arranged in order of decreasing pKsp  
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A) 

 

B) 

 

Figure 4-2. Absolute magnesium concentration for each resin in either the A) chloride- 
or B) bicarbonate-form in the synthetic water containing NOM and 
magnesium sampled at 0, 5, 15, 30, 120 min. 
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A) 

 

B) 

 

Figure 4-3. Absolute calcium concentration for each resin in either the A) chloride- or B) 
bicarbonate-form in the synthetic water containing NOM and calcium sampled 
at 0, 5, 15, 30, 120 min.  
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A) 

 

B) 

 

Figure 4-4. Absolute cadmium concentration for each resin in either the A) chloride- or 
B) bicarbonate-form in the synthetic water containing NOM and Cadmium 
sampled at 0, 5, 15, 30, 120 min.  

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

R1 R2 R3 R4

C
a
d

m
iu

m
 (

m
g

/L
) 

regeneration series 

chloride-form Cadmium 

0 min

5 min

15 min

30 min

120 min

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

R1 R2 R3 R4

C
a
d

m
iu

m
 (

m
g

/L
) 

regeneration series 

bicarbonate-form Cadmium 

0 min

5 min

15 min

30 min

120 min



 

96 

 
A) 

 

B) 

 
C) 

 

D) 

 
E) 

 

F) 

 
Figure 4-5. Kinetic plots showing percent nitrate removal over time for each resin in 

either the chloride- or bicarbonate-form in the presence of either: Mg, Ca, or 
Cd in the nitrate containing water. Arranged in order of decreasing pKsp 
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A) 

 

B) 

 

Figure 4-6. Absolute magnesium concentration for each resin in either the A) chloride- 
or B) bicarbonate-form in the synthetic water containing nitrate and 
magnesium sampled at 0, 5, 15, 30, 120 min. 
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A) 

 

B) 

 

Figure 4-7. Absolute calcium concentration for each resin in either the A) chloride- or B) 
bicarbonate-form in the synthetic water containing nitrate and calcium 
sampled at 0, 5, 15, 30, 120 min. 
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A) 

 

B) 

 

Figure 4-8. Absolute cadmium concentration for each resin in either the A) chloride- or 
B) bicarbonate-form in the synthetic water containing nitrate and cadmium 
sampled at 0, 5, 15, 30, 120 min. 
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Table 4-1. Solubility products of likely precipitates.  

Mineral 
Chemical 
composition pKsp

1
 

Magnesium carbonate 
(Magnesite) 

MgCO3 3.68 

Magnesium hydroxide Mg(OH)2 9.22 

Calcium carbonate  
(Calcite) 

CaCO3 8.01 

Calcium hydroxide Ca(OH)2 5.26 

Cadmium carbonate  
(Otavite) 

CdCO3 11.3 

Cadmium hydroxide Cd(OH)2 13.64 

1
Values obtained from Knovel Critical Tables (2

nd
 Edition)  
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Table 4-2. Theoretical model water compositions 

Modeled synthetic water 
Cl- 

(mmol/L) 
NO3

- 
(mmol/L) 

SR NOM 
(mmol/L) 

HCO3
2- 

(mmol/L) 
Ca2+ 

(mmol/L) 
Mg2+ 

(mmol/L) 
Cd2+ 

(mmol/L) 

NOM-Ca 0.06895  0.06895 0.06895 0.13790 
  

NOM-Mg 0.06895  0.06895 0.06895  0.13790 
 

NOM-Cd 0.13790  0.06895 0.06895   0.13790 

Nitrate-Ca 0.06895 0.06895  0.06895 0.13790  
 

Nitrate-Mg 0.06895 0.06895  0.06895  0.13790 
 

Nitrate-Cd 0.13790 0.06895  0.06895   0.13790 
 
 
 
 
Table 4-3. Synthetic model water compositions for waters using nitrate in lieu of NOM, with varying divalent cations. Used 

for Visual MINTEQ input. 

Modeled synthetic water pH 
Cl 

(mmol/L) 
NO3 

(mmol/L) 
CO32- 

(mmol/L) 
Na 

(mmol/L) 
Ca 

(mmol/L) 
Mg 

(mmol/L) 
Cd 

(mmol/L) 

Nitrate-Ca 7.20 0.06895 0.06895 0.06895 0.20685 0.13790 
  Nitrate-Ca post Cl 7.13 0.56895 0.06895 0.06895 0.20685 0.13790 
  Nitrate-Ca post HCO3 7.01 0.06895 0.06895 0.56895 0.20685 0.13790 
  Nitrate-Mg 9.75 0.06895 0.06895 0.06895 0.20685 

 
0.13790 

 Nitrate-Mg post Cl 9.95 0.56895 0.06895 0.06895 0.20685 
 

0.13790 
 Nitrate-Mg post HCO3 10.10 0.06895 0.06895 0.56895 0.20685 

 
0.13790 

 Nitrate-Cd 6.37 0.13790 0.06895 0.06895 0.13790 
  

0.13790 
Nitrate-Cd post Cl 5.78 0.63790 0.06895 0.06895 0.13790 

  
0.13790 

Nitrate-Cd post HCO3 6.35 0.13790 0.06895 0.56895 0.13790 
  

0.13790 
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Table 4-4. Results of Visual MINTEQ Simulations 

 

Mineral 
most likely 
to 
precipitatea 

saturation 
indexa,b  

equilibrium 
solid amount 

(mmol/L)c 

 removal of 
cation by 

precipitationc 

Nitrate-Ca post Cl Aragonite -3.024 –  

 
Calcite -2.88 –  

 
Vaterite -3.447 –  

Nitrate-Ca post 
HCO3 Aragonite -2.24 – 

 

 
Calcite -2.096 –  

 
Vaterite -2.663 –  

Nitrate-Mg post Cl Brucite -1.136 –  

 Magnesite -1.207 –  

 Mg(OH)2 -2.830 –  

Nitrate-Mg post 
HCO3 Brucite -1.067 – 

 

 Magnesite -0.305 –  

 Mg(OH)2 -2.761 –  

Nitrate-Cd post Cl Cd(OH)2 -6.019 –  

 
Otavite -1.314 –  

Nitrate-Cd post 
HCO3 Cd(OH)2 -4.861 – 

 

 
Otavite 0.56 9.36E-05 68 % 

a No precipitation allowed. 
b log(IAP/Ks0); where IAP is the ion activity product and Ks0 is the stability constant of 
the solid. 
c Precipitation allowed. 
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CHAPTER 5 
DETERMINATION OF BIOLOGICAL FOULING ON ANION EXCHANGE USED IN 

WASTEWATER TREATMENT 

 
5.1 Background 

Magnetic ion exchange resin (MIEX) has been shown to be effective at removing 

dissolved organic carbon in many potable water treatment systems (Boyer and Singer 

2006, 2008, Drikas et al. 2007, Kingsbury and Singer 2013, Singer et al. 2007), and is 

increasingly being used as a treatment technology for pre and post treatment needs 

(Boyer et al. 2011, O'Shea et al. 2009). Wastewater treatment often requires the use of 

tertiary treatment to meet governmental requirements to meet water reuse or land 

application standards. In instances with high dissolved organic carbon concentrations it 

has been found that anion exchange is an effective means tertiary treatment technology 

for wastewater treatment (MIEX) (Gan et al. 2013, Lu et al. 2012, Zhang et al. 2006). 

One concern associated with the use of anion exchange for tertiary wastewater 

treatment is that the highly active microbial populations  may attach to the resin surface 

and any biofilm on the surfaces of anion exchange resins will interfere with resin surface 

sites and cause the loss of performance. The formation of a biofilm would be 

detrimental to the use of anion exchange as a tertiary wastewater treatment technology, 

with any means to quantify and/or mollify the extent of biological fouling being of 

interest. 

Anion exchange is a process that utilizes particles that have fixed charged 

surface sites. In anion exchange these fixed surface sites are positively charged and 

anionic mobile-ions attach until a more favorable ion is present and exchanges places 

with the mobile-ion (Helfferich 1962). MIEX resin is utilized due to the resin’s small 
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particle size so it is easily fluidized in the contact reactor, and is able to rapidly 

aggregate and settle while not being agitated (Drikas et al. 2003). The standard mobile-

ion used in anion exchange is the chloride ion, but research has been done to 

investigate alternative ions that generate less harmful waste regenerant products 

(Rokicki and Boyer 2011). The use of different mobile-ions has been shown to not alter 

the affinity of the resin for other mobile ions, and should not greatly impact the overall 

performance of the resin when targeting DOC removal (Rokicki and Boyer 2011). To 

more accurately mimic full-scale anion exchange treatment processes, multiple-loading 

jar test experiments were used due to their more accurate representation of resin 

loading conditions (Kitis et al. 2007, Mergen et al. 2009). In the full scale systems only a 

small percentage of the resin is drawn off and regenerated and these systems are 

designed such that each resin dose is in contact with a certain number of total bed 

volumes prior to regeneration. It is expected that DOC polishing could be accomplished 

with the additional benefits of additional nitrate removal (Kitis et al. 2007) through the 

use of ion exchange for wastewater tertiary treatment, at times this approach difficult 

even with denitrification processes (Zhang et al. 2012). 

Previous literature has shown that bacteria, particularly gram-positive bacteria, 

due to the negatively charged nature of the peptidoglycan layer (van der Wal et al. 

1997) can adhere to resin structure. The adherence of microorganisms to the resin 

structure would require that bacteria have a negative charge to enter into the resin 

phase; otherwise the positive fixed mobile ions would exclude any adhesion to the resin 

(Cumbal and Sengupta 2005, Sarkar and SenGupta 2010). It is feasible that any 

organisms that attach to the resin structure would have the necessary carbon source 
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provided by DOC within the resin. In some instances, microbial populations may be able 

to reduce anions in addition to organic carbon as a potential energy source, including 

sulfates and nitrates (Bitton 2005). In wastewater treatment, denitrification is the 

process in which microorganisms reduce oxidized nitrogen as a means of energy 

production. As such, it is important to consider how different mobile ions would effect 

the biological fouling of the anion exchange. 

The method for quantifying biofilm growth is EPA method 1684, which is a way to 

quantify the total, fixed, and volatile solids. EPA method 1684 is based on the repeat 

drying and weighing of samples. In the use of ion exchange the continued baking of the 

ion exchange resin may denature the resin and provide inaccurate results. Previous 

work has shown that an alternative to the use of EPA method 1684 is the use of coulter 

counter analysis to estimate counts of suspended cells, polymers, and aggregates 

(Casey et al. 2012, Huang et al. 2012, Zhang et al. 2013). Coulter counter analysis 

measures changes in conductance at an aperture opening as liquid sample travels 

through the orifice. Changes in condunctance are then quantified and algorithms 

provide data as particle size/count. Coulter counters have been used previously in water 

treatment to evaluate flocculation (Treweek and Morgan 1977) and can further be used 

to quantify the estimated amounts of microbial counts.   

Currently ion exchange is a well understood process, but it is still not readily 

investigated or used in wastewater treatment. The impact of wastewater on the resin is 

not thoroughly understood, and biological fouling is potentially of major concern, due to 

the lack of published research regarding the biological fouling of ion exchange resins in 

standard water treatment processes. There is a lack of knowledge pertaining to how to 
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quantify and estimate biological fouling on ion exchange resins and how to differentiate 

between fouling associated with use or inorganic scale. The challenge is related to 

collecting and accurately quantifying biomass on from the surface of small fluidized 

particles. Also an area that has not been investigated is how the resin’s mobile-ion 

impacts the extent of biological growth that occurs on the resin. 

The overall goal of this work was to determine whether or not different mobile 

ions impact the biological fouling that occurs in ion exchange used for wastewater 

treatment. To accomplish this goal, resins were regenerated with different mobile ions 

and used in multiple loading experiments to treat clarifier effluent from a wastewater 

treatment plant. Biofilms were separated from the resins and analyzed by particle size 

distribution as described in Huang (2012) and Zhang (2013). The objectives of this work 

were to: (1) develop a method to analyze biological growth on the surface of the ion 

exchange resin; and (2) determine the impact of mobile counter ion on the extent to 

which biofouling occurs. 

 
5.2 Materials and Methods 

 
5.2.1 Resin 

The resin used in this study was virgin MIEX resin provided by Orica Watercare. 

Prior to use resin was rinsed and regenerated into the desired mobile ion. Regeneration 

occurred in bulk batches of resin and was dosed stoichiometrically at 10× the capacity 

of the MIEX resin. 20 mL of resin was measured out in graduated cylinders, and added 

to 1 L of water containing 104 meq/L of the desired mobile ion of either: chloride, 

bicarbonate, nitrate, or sulfate. Resins were mixed in the regenerant solution for 30 min 

and rinsed twice, as described in previous work (Rokicki and Boyer 2011).  
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5.2.2 Water Source 

Water for experimentation was collected from the Water Reclamation Facility 

located at the University of Florida in Gainesville, FL. The Water Reclamation Facility 

services the entirety of the University of Florida campus, which utilizes the four stage 

Bardenpho treatment process. This process offers effective nitrogen and phosphorus 

removal with minimal chemical addition (Burdick et al. 1982). The Bardenpho process 

involves an anoxic denitrification zone, followed by aerobic nitrification, with another 

anoxic dentrification stage, followed by an aerobic phase (Burdick et al. 1982). Samples 

were collected on the day of experimentation following the clarifier, but prior to sand 

filtration. Samples were not filtered prior to use and were not treated prior to contact 

with the resin. 

 
5.2.3 Multiple Loading Resin Exhaustion 

To more closely mimic the conditions of full-scale water treatment processes, 

multiple loading jar tests were conducted on the resins (Kitis et al. 2007, Mergen et al. 

2008). These multiple loading jar tests recreate conditions in which resin will be in 

contact with multiple bed volumes of water before it is regenerated.  

1 mL of regenerated resin was dosed into beakers and 250 mL of clarifier water 

was added to the resin. The water was then mixed by magnetic stir bar on a stir plate at 

250 rpm for 30 min. After mixing the water was decanted with care to prevent loss of 

resin and an additional 250 mL of clarifier water was added and mixed for an additional 

30 min. This process was repeated an additional two times which totals a total contact 

of 1000 BV. After multiple loading experiments, resins were allowed to sit for varying 

periods of time to mimic resins sitting in plate settlers prior to regeneration. 
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All experiments were performed in triplicate, with each data point representing 

the mean of the triplicate data. 

 
5.2.4 Biofilm Analysis 

To quantify the extent of biofilm formation on the resin, the supernatant fluid was 

decanted from the resin. To effectively count microorganisms as particles they must be 

cleaved from the resin. Sodium dodecyl sulfate is a commonly used surfactant and is 

often used to break extracellular polysaccharide binding to surfaces (Simoes et al. 

2008). Resin was added to 25 mL of a 0.1 mg/l sodium dodecyl sulfate wash solution 

and then vortexed for approximately 1 min. Resin was allowed to settle, and 0.25 mL of 

the supernatant was then added to 20 mL of Beckman Isoton solution. Samples were 

then analyzed on a Beckmen Multisizer™ 4 Coulter Counter using a 30 µm aperture, 

which provides particle counts in the size range of 0.6 µm to 18 µm. Statistical error 

associated with particle counts is represented as standard error of total particle counts. 

 
5.3 Results and Discussion 

 
5.3.1 Evaluation of biofilm growth 

Figure 5-1 shows the total absolute particle count numbers after allowing biofilm 

to develop for 5 d following the multiple loading regeneration sequence. The figure 

shows the control sample which just represents a chloride-form resin following the 

multiple loading jar test procedure, but using DI water in lieu of the clarifier effluent. This 

control was established to ensure that the mixing and decanting the resin multiple times 

did not cause the resin to fracture and increase particle counts in the aqueous phase. In 

addition to the control sample, resins were regenerated into chloride-, bicarbonate- , 
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nitrate-, and sulfate- form. After 5 d of contact, Figure 5-1 shows that the control has 

minimal total particle count, while the chloride-, bicarbonate-, and nitrate-form, having 

approximately 55000 total particle count and sulfate-form having approximately 35000 

particle count. It is clear that the control sample and the treated samples have 

drastically different particle counts, which is to be expected as DI water has no 

particulates, microorganisms, or carbon source for microbes.  

Figure 5-2 is configured identically to Figure 5-1, with the exception being that it 

represents the extent of biological growth that occurred after 7 days of contact. In Figure 

5-2 the control value is approximately 7000 particles, which is in line with what was 

seen in Figure 5-1. This means that the expected baseline for background particle 

counts is in the range of 5000-7000 particles. In Figure 5-2 the chloride-form resin has a 

total count of 100000 particles, the bicarbonate-form having 77000, nitrate 87000, and 

sulfate 67000. There appears to be a greater total particle count than in Figure 5-1, in 

addition to a slightly larger amount of standard error. Based on these preliminary 

results, it does appear that there is biofilm developing on the resin and it does increase 

with time. However, there is no clear trend in how the mobile ion impacts the biofouling, 

with the exception of the sulfate resin, which appears to have a slightly decreased total 

particle count. 

To ensure that particles coming off of the resin were not just turbidity from the 

clarifier process and actually related to microorganisms, some alternative waters were 

used. Two alternative waters were generated, both based on the clarifier effluent used 

in the previous figures. The first water was unfiltered clarifier water that was treated with 

10 mL/L of 6% sodium hypochlorite solution. This water was allowed to mix for 1 hour 
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prior to contact with the resin. The second water was the clarifier effluent, but was 

filtered through 0.45 µm Millipore filters. The goal of using these alternative waters was 

to act as further confirmation that biological growth on the resin was what was being 

detached, rather than other particulates in solution, or the swelling and potentially 

breaking of the resin following the treatment process. Once these waters were 

generated, they were added to the resin and mixed for a total contact time of 120 min, 

which was the same total contact time as the multiple loading experiments described 

previously. Due to a shortage of water only 250 bed volumes were achieved. 

Figure 5-3 shows the results of these alternative water loading experiments. The 

chloride-form resin in the presence of the inactivated water did have a relatively high 

particle count of 30000, which implies that the inactivated microorganisms, fragments of 

microorganisms and turbidity are contributing to the fouling of the resin. It may also be 

possible that the microorganisms aren’t being completely inactivated and begin growing 

on the resin. The filtered water samples for chloride-, bicarbonate-, nitrate-, and sulfate-

form resin all have very low particle counts all of which are less than 1600 total 

particles.  

 
5.3.2 Follow-up Work 

This work serves as the foundations for future research projects, with the bulk of 

the effort spent on developing a system for quantifying the biofilm on the resin. Further 

efforts to optimize the coulter counter quantification will be developed by investigating 

the necessary concentration of surfactants needed to separate microbial matter from 

the resin. To optimize the removal of microbial matter, it will be necessary to test 

multiple surfactants at different concentrations. It is important to limit the concentration 
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of surfactant added so that the surfactant does not form aggregates on their own which 

would show up in particle counts, thus requiring several series of optimization 

experiments to find an ideal concentration of surfactant to remove microbial matter, 

without forming surfactant colloids.  

Subsequent work to fully develop the understanding of biological fouling of anion 

exchange resins will need to be pursued. Several additional multiple loading 

experiments will need to be performed, with multiple contact times. It is necessary to 

evaluate the resin almost immediately following multiple loading to see if it is biological 

material that accumulates on the resin, or the biological growth that is being quantified. 

Additional time steps would also further allow to evaluate whether there is growth on the 

resin. Due to the destructive process of sample analysis, organization of the experiment 

will need to be altered to track the change over time. To track the growth over time, one 

form of the resin will be chosen (likely the chloride-form) and used to treat clarifier water 

from the wastewater treatment plant. Multiple samples will be generated and designated 

sample times will be selected, likely 0 d, 1 d, 2 d, 3 d, 7 d. Through this method, it will 

be possible to track the impact that time has on biological growth with consistent source 

water. 

An additional experimental plan is to confirm that coulter counter method with 

another method of analysis, to insure that the particle counts represent the biological 

matter. Crystal violet staining will be utilized (Zhang et al. 2013). The benefit of crystal 

violet staining is that it is a well-documented and recognized method for detecting and 

quantifying microbial populations (Shanks et al. 2005). Crystal violet stains the 

peptidoglycan layer of the bacteria and fluoresces when excited at 590 nm, the 



 

112 

fluorescence signal can be measured and quantified using a plate reader (Zhang et al. 

2013). The crystal violet staining would provide a reliable confirmation of the coulter 

counter methods.  

 
5.4 Chapter Summary 

 The coulter counter analysis appears to be able to demonstrate the extent of 
biofilm formation on anion exchange resins. 

 There does not appear to be a significant difference between mobile-ion and the 
fouling of the resin, with the exception of sulfate. The resin’s high affinity for 
sulfate may cause the sulfate to remaining on the resin surface, preventing 
access to the resin by microorganisms. 
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Figure 5-1. Total particle counts for resins with allowed biofilm growth for 5 days. 

 

 
Figure 5-2. Total particle counts for resins with allowed biofilm growth for 7 days. 
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Figure 5-3. Total particle counts for resins with allowed biofilm growth for 5 days in 

disinfected water, or filtered water. 
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CHAPTER 6 
CONCLUSIONS 

 
6.1 Conclusions of Dissertation 

The goal of this work was to investigate the regeneration and fouling of 

bicarbonate-form anion exchange resin. Some key findings of this work are: 

 The affinity of MIEX resin is not altered by the bicarbonate-form of the resin and 
the resin maintained the ideal ion exchange stoichiometry in preliminary 
experiments showing that using the bicarbonate-form of the resin is not 
inherently detrimental to the ion exchange process. 

 MIEX resin will target a wide range of organic matter regardless of whether the 
resin was in the bicarbonate- or chloride-form. The resin maintains the same 
organic matter fraction preference regardless of mobile-ion and is an extension of 
the affinity. 

 The organic matter fractions best removed by the resin are those fractions in the 
1000-1500 Da size range, which is the range that contains carboxylic acid 
functional groups. This fraction also tends to foul resin the most. As shown 
previously the regeneration strength of the solution matters much more than the 
mobile ion. 

 Differences between the performance of chloride- and bicarbonate-form resins 
are slight, but the biggest impacts come after multiple regeneration cycles. 
Rather than increased fouling in some instances, the decrease in performance 
may be an additive effect of weaker regeneration. Chloride concentrations can be 
much higher than bicarbonate concentrations, thus increasing the ionic strength 
and driving ion exchange equilibrium for more complete regeneration of the resin 
in the chloride-form.  

 Divalent cations do impact the resin, but the impact of performance is not likely 
directly related to precipitation on the resin, but caused by the metal cations 
interfering with the organic matter or structure of the resin. 

 Biological fouling will occur on the resin surface regardless of mobile-ion if there 
is a carbon source for the microorganisms. 

 
6.2 Implications of Findings 

The majority of the implications of these findings are related to a deeper 

understanding of the mechanisms related to the ion exchange process. Previously it 
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appeared that bicarbonate-form resin was an undesirable alternative to the use of 

chloride-form resin but was something to be used when disposal of brine was not 

feasible. Now with further understanding of the relationship between bicarbonate and 

the resin, organic matter, divalent cations and microorganisms make it so that a more 

complete picture can be presented.  

The bicarbonate-form of the resin is able to behave to a similar extent as the 

chloride-form and this was demonstrated when the resin performance was compared 

when regenerated using similar milliequivalnce based regenerant solutions. Knowing 

when the bicarbonate-form of the resin may be fouled or lose its capacity allow for the 

more targeted use of this resin, with the specific option to regenerate it as needed. This 

work also provides additional information about the use of the chloride-form resin and 

how different regeneration agents impact it. 

Ultimately this work clarifies how ion exchange works, and how the regeneration 

process impacts ion exchange. This work serves as a foundation for those hoping to 

investigate the use of bicarbonate as a mobile-ion, or for anyone that is curious about 

how regenerants impact resin performance or how resin is fouled by either cationic 

metals or biological growth. 
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APPENDIX A 
SUPPORTING INFORMATION FOR CHAPTER 3  

 
Table A-1. Mw and ρ values for select 

experiments 
 

Sample Mw ρ 

MtP Cl-10×-2 raw 1005 1.41 

MtP Cl-10×-2 200BV 863 1.60 

MtP Cl-10×-2 400BV 847 1.52 

MtP Cl-10×-2 600BV 830 1.50 

MtP Cl-10×-2 800BV 837 1.49 

MtP Cl-op-2 raw 1016 1.42 

MtP Cl-op-2 200BV 806 1.78 

MtP Cl-op-2 400BV 795 1.68 

MtP Cl-op-2 600BV 771 1.64 

MtP Cl-op-2 800BV 788 1.59 

 

Sample Mw ρ 

MR Cl-10×-2 raw 1612 1.76 

MR Cl-10×-2 200BV 1698 1.80 

MR Cl-10×-2 400BV 1673 1.80 

MR Cl-10×-2 600BV 1693 1.80 

MR Cl-op-2 raw 1537 1.74 

MR Cl-op-2 200BV 1745 1.85 

MR Cl-op-2 400BV 1695 1.83 

MR Cl-op-2 600BV 1677 1.82 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Sample Mw ρ 

MtP HCO3-10×-2 raw 1005 1.41 

MtP HCO3-10×-2 200BV 851 1.56 

MtP HCO3-10×-2 400BV 844 1.50 

MtP HCO3-10×-2 600BV 831 1.48 

MtP HCO3-10×-2 800BV 839 1.47 

MtP HCO3-op-2 raw 1016 1.42 

MtP HCO3-op-2 200BV 829 1.74 

MtP HCO3-op-2 400BV 824 1.66 

MtP HCO3-op-2 600BV 796 1.60 

MtP HCO3-op-2 800BV 811 1.55 

 

Sample Mw ρ 

MR HCO3-10×-2 raw 1612 1.76 

MR HCO3-10×-2 200BV 1677 1.77 

MR HCO3-10×-2 400BV 1685 1.80 

MR HCO3-10×-2 600BV 1680 1.81 

MR HCO3-op-2 raw 1537 1.74 

MR HCO3-op-2 200BV 1669 1.78 

MR HCO3-op-2 400BV 1674 1.81 

MR HCO3-op-2 600BV 1677 1.82 
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APPENDIX B 
SUPPORTING INFORMATION FOR CHAPTER 4  

  

  

  

Figure B-1. Kinetic isotherm showing pH change for each resin in either the chloride- or 
bicarbonate-form in the presence of either: Mg, Ca, or Cd for waters using 
NOM as the targeted anion for removal. Arranged in order of decreasing pKsp 
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Figure B-2. Kinetic isotherm showing pH change for each resin in either the chloride- or 
bicarbonate-form in the presence of either: Mg, Ca, or Cd for waters using 
nitrate as the targeted anion for removal. Arranged in order of decreasing 
pKsp 
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